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INTRODUCTION 


In 1982, the Galileo mission (orblter and entry probe) will be launched toward 
Jupiter. A logical next step would be a sin;ilar mission to Saturn, with probes to 

Saturn itself and to Titan. One purpose of tte Workshop and tiiis document is to pro- 

2 

vide scientific input to those >^110 are working on plans for SOP . 

The core of the Workshop was the review papers reproduced here, commissimied 
from the best available experts on various parts of the Saturn system. C^er papers 
and discussion sessicms illustrate the current state of mission planning and the expected 
state of knowledge after the Voyager encounters in 1980 and 1981. We believe that this 
report will also be useful as a compendium ol the present knowledge of Saturn, its 
satellites, its rings, and its magnetos(diere. 

Contributors were able to revise their papers in July 1978. The discussions 
are reproduced with considerable editing to eliminate repetiti(» and blind alleys. 

Thanks are due to the Jet Propulsion Laboratory for their assistance with the 
workshop and the preparation of this volume. Roy G. Breretoo and Albert R. Hibbs 
handled the physical and financial arrangements for the workshop. 


Donald M. Hunten 
David Morrison 
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ABSTRACT 

This paper covets two areas of intetest, providii^ an overview ot: 

1. Saturn misskm design history. 

2. Saturn's fdace in NASA’s program plans. 

The first area provides a view of how dunging concepts and techniques 
can affect mission design and science return. The second puts Saturn in 
perspective with regard to hs role in NASA’s overall {danetary program. 


SATURN MISSION DESIGN HISTORY 

Saturn mission design can be broken into two ineces. Hie first piece relates to 
how you reach Saturn from Earth, the second with what you do when you arrive there. 

The first Table shows a development history for Saturn missions covering fiie period 
from 1964 to the present. Throughout this time period, technology and the timely devel- 
ofunent of interplanetary trajectory techniques have made missions to Saturn more science 
effective by allowing deUvexy of larger and larger payloads. The first item in Table 1 
shows the requirements of sending a package to Saturn if we do it the same way we did 
for die Ranger lunar. Mariner 1962 Venus, and Mariner 1964 Mars missions. These 
were first attempts to scope the outer planet exploration problem. Mission anafysts 
found fiiat direct ballistic trajectories to Saturn were veiy expensive, quite a bit more 
so than trajectories to Jupiter. 


•SOP* is an abbfeviatkm for Sanim Orbicer Dual Probe— a Saturn bound spacecraft combining three major systems: an orbiter, a 
Saturn ptobe, and a Titan probe. 



Table 1. Saturn Missions - Development History 


Study 


Dates Conclusion 


• Specification of ballistic 
trajectory requirements 

• Jupiter gravity-assist 
trajectory discovered 

• Ploneer/Voyager mission 
designs 

• Jupiter Orbiter studies 


• VEGA and AVEGA techniques 
discovered 

• Saturn Orbiter/Satellite Tour 
Study 

• Titan mission studies 


• Ion Drive techniques applied to 
Saturn mission 

• 1977 SOP^ study 


1964-65 Energy requirements very high 


1966-67 Energy requirements comparable to 
Jupiter mission requirements 

1968- 74 Excellent reconnaissance missions to 

Jupiter and Saturn feasible 

1969- 77 Jupiter Orbiter missions very 

attractive anl feasible; satellite tour 
techniques defined; outer planet probes 
studied in detail 

1974- 75 Energy requirements reduced; flight 

times increased 

1975 JOP techniques applied to Saturn; 

considered VEGA/ AVEGA 

1975- 76 Titan lander/probe missions 

conceptualized; scientifically reward- 
ing missions described 

1976- 78 Energy requirements and flight times 

reduced 

2 

1977 SOP mission feasible in variety’ of 

ways; science priorities required for 
further mission design 


In 1966 Gary Flandro discovered a family of Jupiter gravity-assist trajectories 
which now brought Saturn into the same launch vehicle range as Jupiter missions. The 
Pioneer and Voyager missions were designed on the basis of these earlier trajectory 
analyses, and our first outer planet reconnaissance missions were born. The Voyager 
mission design aided the solution to the problem of satellite encounter design, develop- 
ing techniques in timing the launch and providing maneuvers which would maximize 
satellite science return consistent with planetary science desires. 

With the Pioneer and Voyager mission designs underway, interest developed in 
an exploratory mission to Jupiter which would allow longer times to investigate the 
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extensive Jupiter system. The Jupiter Orbiter Probe (now Galileo) mission design 
developed satellite gravity-assist techniques which allowed satellite tours while in orbit 
around the parent body. 

While the Jupiter orbiter design was being developed, a new interplanetary 
trajectory technique was found which allowed delivery of greater payloads to the outer 
planets. The technique calls for a trajectory which is first directed in towards the Sun 
vdth a possible Venus close flyby and/or deep space propulsion manuever, and then 
return to Earth for an Earth gravity-assist as the trajectory carries the spacecraft out 
to the outer planets (VEGA and A VEGA trajectories). Not only are the payloads larger, 
but the opportunities for such missions are available over a greater period of years 
than the direct Jupiter gravity-assist missions tc Saturn. The drawback, and it is a 
major one, is that launch to arrival times are increased over the already long flight times 
required by the previously defined techniques. 

In 1975, with interest increasing in the Jupiter orbiter mission, analysis of a 
Saturn orbiter applied the techniques of the Jupiter orbiter mission as well as the new 
VEGA and AVEGA techniques, and found such a mission concept to be feasible enough 
to warrant further study. 

hi the last few years technology has been advancing to the point where a new low 
thrust propulsive technique will be available to NASA which will allow realization of 
difficult, but scientifically exciting missions. The major problem with Saturn mission 
designs up through the 1970’s was the restriction to relatively low payloads associated 
with long flight times. Ion drive techniques use a low thrust, continuously operating 
device acting over a period of years. Combining the ion drive techniques with the Earth 
gravity-assist techniques discovered earlier provides the possibility of delivering a 
highly interesting science package to the Saturn system. 

Studies conducted last year at JPL and scheduled studies this year are focused 
on a Saturn Orbiter Dual Probe (SOP^) mission design. One of the major reasons for 
holding the Saturn Workshop is to provide science recommendations for an intelligent 
design of such a mission. What kind of science return should the mission designers 
focus their study on ? 


SOP^ 


AND NASA's PLANETARY PROGRAM 


The timing for this workshop is appropriate. The Pioneer and Voyager 
missions will be returning important data between 1979 and 1981, in time to focus the 
SOP^ design for a launch after i985. Ion drive and trajectory software development 
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will be available for launches in the mid-1980's and beyond. Mission concept and 
feasibility design is now required so that later systems definition and design can take 
place and dovetail with the technology development and science base. Science recom- 
mendations are key to this continuing design process. 

Table 2 shows the current 1979-83 planetary exploration five-year plan. This 
plan is the end result of consultations with the scientific community, mission planners 
in NASA, Congress, and the Office of Management and Budget. 

2 

Several plans were considered. It should be noted that SOP was part of all of 
2 

them. The SOP mission is considered a high priority mission by NASA. 

Table 2. Planetary New Starts — FY 1979-83 


Mission 

New' Start/ Launch 

Mission Type 

Venus Orbital Imaging Radar (VOIR) 

1980/1984 

Exploratory 

Halley/Tempel-2 Rendezvous 

1981/1985 

Reconnaissance 

2 

Saturn Orbiter Dual Prdt>e (SOP ) 

1983/1987 

Exploratory 

Mars Program Technology Development 

1982/- 

Intensive Science 
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DISCUSSION 


D. HERMAN; Let me comment on the degree of commitment by NASA to an 

2 

SOP Mission. First of all, in the Fiscal 1979 Budget, recently submitted to the 

Congress, there is a separate five million dollar line item for the development of ion 

drive. The first intended use of that system is to effect a comet rendezvous, pi-obably 

with comet Tempel 2. The second intended use of that system would be for SOP^, 

At the FY 1979 Budget Press Conference, Dr. Frosch stated that it's time to 

take ion drive out of being a laboratory curiosity and to develop it towards a flight 

propulsion system; that's NASA's mtent. 

With respect to the five-year plan, we were given budget guidelines by the 

Office of IVIanagement and Budget to plan the missions that we w^ant to do in the next 

five years. We are obliged every fiscal year to submit a revised five-year plan that is 

2 

consistent with the budget. Our own input to ihat five-year plan was to show the SOP 
mission as a Fiscal 1982 new start with a 1986 launch. The Administrator, in review- 
ing the five-year plan, adjusted the timetable to shift the SOP^ new start to FY 1983, 
and that is where it now stands. But we must still plan as if the SOP^ Mission could 
indeed be a Fiscal 1982 New Start and a 1986 launch because something could happen 
to the Mars program to cause us to revert to the original timetable. Our assessment 
is that the SOP^ Mission will go either as Fiscal 1982 or a Fiscal 1983 New Start with 
a launch either in 1986 or 1987. 
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ABSTRACT 

A number of important cosmogonk questions ooncemiug the Saturn 
system can be addressed with a SMim-orbiier-dual-probe spacecraft 
mission. These tpiestions include: the m^n of the Saturn system; the 
source of Saturn’s excess luminosity; the mech. nism by which the 
irregular satellites were captured; the inihttnce of S«um’s early luminosity 
on the cmnposition of its rqiular satellites; and dK origin of the rings- The 
first two topics can be studied by measurements made from an entry probe 
into Suum’s atmos|diere, while the remainii^ iss«»s can be investigated 
by measurements conducted firom an orbiter. In this paper, we presem 
background information on these five questions descxilm^ the critkal 
experiments needed to help resolve them. 


INTROLUCTION 

The planets of our solar system can be divided into three compositional classes: 
the terrestrial planets, which are made entirely of heavy elements; Jupiter and Saturn, 
which are composed chiefly of hydrogen and helium, although they have heavy element 
cores; and finally Uranus and Neptune, which are constructed in large measure of 
heavy element cores, but also contain significant gaseous envelopes. We are in a 
particularly fortunate situation in our attempts to understand the origin and subsequent 
evolution of Jupiter and Saturn, hi the first place, their current characteristics as 
well as those of their attendant satellite systems are rife with clues about their history. 
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For example* the observed excess amount of thermal energy they radiate to space 
above the amount of absorbed solar energy may represent the embers of internal 
energy built up during an early rapid contraction phase (Grabo^e et aL , 1975; 

Pollack et oL 1977). bi the second place, techniques used to study stellar evolution 
can be employed to model much of the evolution of these giant planets. 

hi this paper, we re .lew current cosmogonic theories of t!.e hisiory of the 
Saturn system and describe how such models can be tested by comparisons with tue 
present properties of Saturn* its rings* and its satellites. Emphasis will be placed on 
enumerating those cosmogonic clues that might be studied most profitably by a 
Satum-Orbiter-Oual Probe (SOF^) spacecraft mission. 


RIVAL COSMOGONIC HYPOTHESES 

Present'day Saturn has a mass equal to about 95 Earth masses, of wMch about 
IS Earth masses is sequestered in a heavy element core composed presumably of a 
mixture of rocky and icy material (Slattery* 1977). The remaining material in the 
sarrmmding gaseous-liquid envelope is thought to consist of an approximately solar 
mixture of elements; i.e. hydrogen and helium are the dominant components. The 
composition of this envelope closely resembles that of the primordial solar nebula* 
which served as the source material for planetar>^ construction. There are two logical 
possibilities for the way in which Saturn could have been assembled within the solar 
nebula. Either its core was formed first and served to focus a massive gaseous 
mivebpe about itself or a gaseous condensation developed initially within the solar 
nebula and subsequently collected a central core. Both these possUalities Iiave been 
explored in recent years. Below we describe these alternative models for the forma- 
tion of Saturn and indicate the stage at which its regular satellites may have formed. 

Perri and Cameron <1974) investigated models in which massive planetary cores 
formed first and subsequently collected a portion of the nearby solar nebula about 
itself. As might be expected* the gas of the nebula becomes concentrated about the 
core* with the boundary of this gaseous envelope being the point at which the gravita- 
tional attraction of the core and envelope equals the gradient of the gravitational 
potential of the solar nebula, i.e. * it equals the "tidal" radius. Below a certain 
critical mass* the envelope about the core is hydrodynamically stable, so that only a 
minor gaseous envelope could be expected at present. But, for cores more massive 
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than a ’’critical mass”, the envelope becomes h\drod\'namically unstable and in a very 
short period of time assumes a much smaller radius than the tidal value. In this case, 
the product will be a planet with both a massive core and a massive gaseous envelope. 

The value of the critical core mass needed to trigger a hydrod\'namic instability 
in the surrounding gas depends on the temperature structure assumed for the envelope 
and its boundaty* conditions. Perri and Cameron (lf>74) assume that the envelope is 
convecti* '>ly unstable, motivated in part b\' the large opacity expected from dust grains, 
and that the envelope is on the same adiabat as tlie solar nebula. I'sing nominal values 
for the solar nebula's adiabat, they obtained a critical mass of 115 Earth masses. 

Since this value was signiQcantly hig.^er than values of several tens of Earth masses 
found by Podolak and Cameron (1974) from models of the interior structure of the outer 
planets, they suggested that the instability occurred at a later epoch in the history of 
the solar nebula, when it was much cooler. Much smaller critical masses can also be 
realized postulating an isothermal temperature structure for the envelope. .Accord- 
ing to Harris (1973), critical masses on the order of 1 Earth mass hold in this case. 

As mentioned in the introduction, the best current estimate of the mass of Saturn's 
core places it at 15 Earth masses. Thus, the actual core mass of Saturn may be large 
enough for it to have been able to initiate a hydrodynamical collapse in the surrounding 
gas. 

An alternative scenario for the origin of -Jupiter, and by implication Saturn, was 
first investigated in detail b>* Bodenheimer (1974). He su^ested that the initial forma- 
tion stage involved the condensation of the gaseous envelope. As in the case of star 
formation, a local density enhancement is assumed to be present in the solar nebula. 
When this density exceeds a critical value, the localizt'd region liegins to contract. If 
the sun has not yet formed and there is little mass in :he solar nebula interior to the 
localiz€Kl region of interest, the critical density is determined bv the condition that the 
region's gravitational binding energv' be c-omparable to its internal energ\ , as 
determbied by its temperature. If the sun has formed or at least there is much mass 
in the solar nebula interior to the local region, the critical density is determined from 

a tidal criterion. In the case of Jupiter, Bodenheimer estimates the critical density 

-11 3 

to equal approximately 1. 5 x 10 gm cm in the former case and about 

1 X 10 gm/cm in the latter case (Bodenheimer, 1978). For an object of Saturn's 

mass and distance, a simple scaling of Bodenheimer's prescriptions for the critical 

-10 -9 3 

density leads to values of about 1 x 10 and 2 x 10 gm cm . The corresponding 

initial radius for Saturn in both cases is approximately 2000 R , where R is its 

s s 

current radius. 
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Once contraction is initiated as a result of the local density enhancement, the 

gaseous protoplanet will evolve through four stages ^odenheimer. 1974). The first 

stage consists of a small contraction (~15^) on a hj’dro^'namic time scale 
2 

(^10 years), during which the configuration settles into hydrostatic equilibrium. This 

stage is followed by one characterized 1^’ a slow contraction on a Kelvin-Helmholtz 
5 7 

time scale (-^lO >10 years). As time progresses, the interior temperatures are 
gradually built up until they reach about 2500 K near the center. At this point signifi- 
cant dissociation of molecular h\-drogen occurs, which alters the adiabatic lapse rate 
in such a way that a hydrostatic configuration is no longer possiUe and a hydrod>mami- 
cal collapse phase is initiated. Within a very short time on the order of a few years, 
the radius of the protoplanet decreases from several hundred times the present value 
to several times the present value. However, near the end of the collapse, conserva- 
tion of angular momentum probably leads to a spreading out of the outer regions of 
the protoplanet into an extended disk. Thus, while the central protoplanet is settling 
back into a hydrostatic configuration once more, the formation of its regular satellites 
b^ns within the extended disk. The fourth stage, which spans almost the entire 
lifetime of the planet, involves a slow hydrostatic contraction to its present size. 

From now on, we will refer to these four stages as the first hydrod>'uamic stage, the 
first h>drostatic stage, the second hydrodynamic stage, and the second hydrostatic 
stage, respectively. 

Figures la and lb illustrate ttie nature of the first hydrostatic phase for Saturn 
(DeCampli et aL , 1978). In these figures, radius and luminosity are plotted as a 
firaction of time. The time scale of this stage is determined principally by the opacity 
within the protoplanet, which is almost entirely due to grain opacity. In this calcula- 
tion, the composition of the major grain species was determined from thermodynamic 
equilibrium considerations for a solar abundance mixture of elements, with the best 
available optical constants for each specie being used to determine the Rosseland mean 

7 

opacity of the ensemble. A protoplanet with Saturn's mass takes about 10 years to 

g 

progress through stage 2, whereas one with Jupiter's mass takes about 10 years. 
Thus, this time sc^le varies approximately as the square of the mass. Clearly a 
protoplanet's mass cannot be much less than an order of magnitude smaller than 
Saturn's mass or it would not complete stage 2 within the age of the solar system. 

Also, according to these calculations, the second hydrodynamic collapse begins when 
proto- Saturn has a radius of about 40 R^. 
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Figures 2a and 2b present the temporal variations of Satuni's and -Jupiter's 
radius and luminosity during the second hydrostatic stage (Pollack et al. , 1977). The 
initial radii for these calculations were arbitrarily chosen to be about ten times their 
current values. However, these curves are equally applicable to other initial condi- 
tions, by mereh' starting at the desired radius and measuring time relative to this 
initial epoch. Bodenheimer's (1974) calculations of ilie second hydrodynamic stage 
suggest that this stage concludes and the second hydrostatic siage begins at a radius of 
4 to 5 times t'ne current value. The present day values of radius and i \ ess luminosilv 
are shown by squares and circles in these figures for Jupiti-r and Saturn, respectively. 
These calculations refer to a solar mixture model, i.e., one lacking a heavy element 
core. Inclusion of a core, by design, leads to perfect agreement with the observed 
radius, but it does not substantialh change the lime scales nor the luminosit\ diagram 
(Grossman, 197S). Possible reasons for the underestimate of Saturn's current excess 
luminosity will be given below. In any case, we see that these calculations lead to 
reasonable first order estimates of the observed values. Finally, we note tliai gases 
are the only source of opacity for these models. This is reasonable since the interior 
temperatures are sufficiently high for grains to be evaporated. 

An important aspect of Figure 2b is the occurrence of a ver\ liigh luminosity 
during the early phases of stage four. Thus, during the time period over which the 
regular satellites were forming, its planet’s luminosity was several orders of magni- 
tude higher than its current vahie and furthermore was rapidh declining, Consequenth , 
the formation of low temperaLure condensates, such as ices, mav have been inhibited 
close to the planet at such times and a conation of composition with distance- from the 
primary may be created (Pollack and Reynolds, 1974; Pollack ct al. , 1976). We also 
note from Figure 2b that, during early times of thi^ stage, Jupiter's luminosity was 
about a factor of ten higher than Saturn's and consequently it was harder to form low 
temperature condensates close to lupiter. 

So far, we ha\c ^!ir•(•usscd onh the evolution of the gaseous portions of Saturn. 
There are several w i in which its heaw clement core may have been created. 

First, if proto-Saiuiti much more massive than Saturn's current mass, the core 
could have been to’ icd ci.Urelv from grains initially present in the envelope, which 
were segregated int? the central regions. For example, t'^c interior temperatures 
around the time of the second hydrodynamic stage may liave reached the riwlting point 
of the grains, leading to liquid particles, which rapidly coagulated into much bigger 
particles; the latter rapidly sank to the center (Cameron, 1977). Subsequemth , much 
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of the gaseous envelope was lost so that the end result was a planet c rir^hed in heavy 
elements. To be consistent with Saturn's inferred core mass, we would liave to 
postulate that at least 80^ of the initial protoplanet's mass was later lost ! 

Alternatively, small rock\ and icy bodies ma> have been pi'oduced outside of 
Saturn's sphere of influence, but at a similar distance in the solar nebula. These 
objects could have been collected efficiently when proto-Satum was much larger than 
its current size, i.e. , during tlie first hydrostatic stage. Planetoids smaller than 
10 to 100 km in radius would have become captured by gas drag effects. Continued 
gas drag would have caused them to spiral very rapidly into the center of the 
proto-planet (Pollack et ai , 1978). 

Finally, let us compare the two scenarios of planetary formation. The first 
hydrostatic stage of the gas instability model bears some resemblance to the stage 
during which the core is growing to the critical mass in the core instatality model. 
During the core growth period, there will be a gaseous concentration about the core, 
which will be in hydrostatic equilibrium. The chief differences at this point between 
the two models is that the core and envelope mass are both growing with time in the 
core instatnlity model, but not in the gas instability model (except perhaps for the core 
alone) and that the radius of the t uelope in the former model is always determined by 
the tidal radius, and so will increase with time, not decrease as occurs for the latter 
model. Both models are characterized by a subsequent rapid hydrodynamical pliase. 

At the end of this stage both models relax into a hydrostatic configuration and follow 
essentially the same evolutionary path. 


PLANETARY OBSERVATIONS 

In this section and in the following one, we enumerate critical observations that 
can be made from a SOP" mission that will test and illuminate key cosmogonic issues. 
In preparing this list of measurements, we have attempted to exclude ones that can be 
made from the Pioneer 11 and Voyager Flyby missions, which will reconnoiter the 
Saturn system first. 

Assessment of the amount by which Saturn's interior is enriched in heavy 
elements in excess of their solar abundance values may aid in discriminating between 
the two theories for the formation of the Saturn system and in obtaining i lues about 
core construction. In principle, the core mass can Ije determined from a knowledge 



of the planet's mass, radius, and rotational period, quantities that are presently 
well-known. However, such calculations rest on the implicit assumption that the 
composition of the envelope is known; e.g., that the envelope has a sola - elemental 
abundance composition. But, the envelope may be enriched in such volatiles as water, 
ammonia, and methane: within the context of the core instability model, a shock wave 
is set up at the core-envelope interface during hydrodynamical collapse, which may 
cause the evaporation of some of the icy condensates (Perri and Cameron, 1974). 

Within the context of the gas instability model, the same result may accrue fr'»m the 
gas drag capture mechanism, as captured bodies are partially volatilized. I^oeed 
some recent models of Saturn's interior have invoked heavy element enriehment of the 
envelope to fit the measured values of its gravitational moments (Podolak and 
Cameron, 1974). 

While crude estimates of the abundance of methane and ammonia in Saturn's 
atmosphere can be made from Earth-based observations, truly good determinations 
can only come from in-situ compositional analyses below the levels at which these 
gases begin to condense and therefore require an atmospheric entry probe. Such 
measurements will also yield the water vapor abundance, provided the probe can 
survive until depths of several tens of bar pressure. Finally, a determination of the 
helium to hydrogen ratio in the observable atmosphere is also important, since, as 
discussed below, helium may partially be segregated towards the bottom of the 
envelope. 

Conceivable, not only is the envelope of Saturn enriched in icy species, but 
also in rocky species (Podolak et a/.,1977). Since the latter condense way below any 
altitude to which a probe can reasonably be expected to function, a more indirect 
assessment of the latter excess is needed. The needed constraint can be provided by 
the J„ gravitational moment of Saturn. While this moment is currentl 3 ' known quite 

A 

well from studies of satellite orbits (~0. 1*J), there is one important potential source of 
systematic error in its value. The current estimate of is based upon the assumption 
that the rings of Saturn have a negligible mass. Studies of the motion of a Saturn 
orbiter may provide a check on tiiis assumption. If it turns out liiat the rings do have 
a non-trivial mass (>10 ’ Saturn’s mass), corrections can readily be made to the 
current value of to convert it into the actual for Saturn. Similar corrections 
and refinements to (currently known to about 79() will yield a value that will 
provide a valuable check on the validity of the interior models. Moments higher than 
will not be very useful since they are determined principally by the outermost 
layers of the envelope (Hubbard and Slattery, 1976). 
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Let us now suppose that the SOP^ mission provides the needed compositional 
and gravitational information. Two theoretical steps are needed in order to realize the 
scientific objectives. First, interior models need to be constructed to de&ne the 
amount of excess heavy elements and their spatial distribution, i.e. . partition between 
core and envelope. Currently, the chief theoretical factor limiting the accuracy of 
interior models of the giant planets is the uncertainty in the thermodynamic properties 
of materials at high temperatures and pressures. In the case of the envelope, the 
equation of state of a solar elemental mixture is least well known for densities in the 

Q 

range of 0. 1 to 1 gin/cm . Typically, the needed thermodynamic pj.’operties are inter- 
polated from their more well defined values at lower and higher densities. It is 
reasonable to expect that the uncertainties in this critical density region will be sub- 
stantially reduced by the lir.' • a SOP^ Mission occurs. This is important since much 

of Saturn's interior iies within this density domain ("-70% by mass !). Also, adequate 

2 

equations of state for core materials should be available at the time of the SOP mission. 

In addition to good interior models, carehil determinations are needed of the 
critical core mass needed to cause hydrodynamic instability in the surrounding gas. 
Current estimates of this parameter are based on linear stability theory. More 
reliable values can be obtained from numerical hydrodynamical calculations and these 
should become available in the next few years. By comparing the inferred excess mass 
of heavy' elements with the critical value, an assessment of the validity of the core 
instability model can be made. 

We next consider the origin of the excess energy Saturn radiates to space. 
Gravitational energy represents the only plausible source for this excess that would 
allow Saturn to radiate at its present excess over the lifetime of the solar system 
(Graboske etai, 1975; Cameron and Pollack. 1976; Pollack et al. , 1977). But there 
are three distinct ways in which Saturn's gravitational energy' can be converted into 
luminosity (ibid). First, rapid contraction in Saturn's early history, when its interior 
was much more compressible than at present, could have led to a build-up of internal 
energy, i.e., high interior temperatures, which have subsequently been decreasing. 
Second, Saturn may be contracting sufficiently rapidly at present to generate the 
observed excess. Both the above modes of gravitational energy' release refer to the 
behavior of a planet whose interior compositional structure does not change with time. 
But, according to calculations by Stevenson (1975), when temperatures decline to a 
certain threshold value in the envelopes of the giant planets, heUum will start to 
become immiscible in metallic hydrogen and begin to sink towards the center of the 
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planet. As this process proceeds, some helium in the molecular envelope will be mixed 
into the depleted region of the metallic zone, so that a helium depleted outer re^on 
encompassing both regions will be set up. Such a chemical differentiation could 
generate enough energy to account for much of the observed excess luminosity. 

The evolutionary results shown in Figure 2b refer to the contraction history of 
homogeneous, solar elemental mixtures containing no cores. Thus, the predicted 
luminosity reflects only the first two gravitational processes. Figure 3 illustrates the 
relative effectiveness of these two processes for Saturn by displaying the time history 
of its gravitational and internal energies (Pollack et ai , 1977). During the first 

7 

10 years, contraction proceeds at a rapid enough rate for the internal energy to 
steadily increase. But, at subsequent times, it declines. Currently, the loss of 
internal energy is more important than present contraction in accounting for the excess 
luminosity, although the latter makes a non-negligible contribution. Qualitatively 
similar statements also hold for Jupiter. 

As illustrated in Figure 2b, the calculated excess for Jupiter at a time equal to 
the age of the solar system is consistent with the observed excess. However, the 
corresponding theoretical value for Saturn falls noticeably below its observed excess. 
There are several points that need to be considered before we judge this discrepancy to 
be real. First determination of the observed value is complicated by the need to sub- 
tract out a contribution from the rings at the longer infrared wavelengths, where the 
two objects cannot be spatially resolved, as well as by uncertainties in calibration 
standards. Nevertheless, the most recent determinations of Saturn's excess luminosity 
are crudely consistent with the value displayed in Figure 2b (e. g. , Ward, 1977). This 
situation should be substantially improved by having observations performed when the 
rings assume an edge-on orientation as viewed from Earth and by utilizing observations 
from the fly-by missions to obtain an accurate value for the phase integral in the 
visible. This latter is needed to compute the amount of solar energy absorbed by the 
planet. In addition to these observational issues, we also need to consider the influence 
of a core on Saturn's theoretical excess luminosity. Very recent calculations that 
incorporate a core-envelope structure lead to essentially the same curve as shown in 
Figure 2b (Grossman, 1978). Hence, the factor of 2 to 3 difference between the com- 
puted and observed excess energy may be real. 

Is helium segregation an important source of the present excess luminosity? 
According to Figure 2b, this source is not needed to explain Jupiter's excess. Further- 
more, temperatures within Jupiter's metallic zone are at least a factor of two above 
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Figure 2a. RaJtm of jupittr i J > anJ Saturn IS) as a function of inne, 
t, during the second hydrostatic phase. The obsened values at the 
4 . 5 X 10* years time point are indicated by the square and circle for 
Jupiter and Saturn, respectively. 



Figure 2h. Excess luminosity of Jupiter I J ) and Saturn I S). m units of 
the solar lutu nusity. as a function nj time. t. during the seiond hydro- 
static >tage. Jhstrted talues at the a -S x 10* years time point are indi- 
cated by th square and circle for Jupiter and Saturn, respectitely. 



Figure Variation with time dut'ng the second hydrostatic 
stage of I ~ Ecu j\y). labelled GRAVITY, and Eifqf, la- 
belled INT. uhere EgRAV ^li^T potential energy 

and internal thermal energy, respectireiy. These results pertain to 
a model of Saturn u i,.. <olar elemental abundances 
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the temperature at which pliase separation starts to occur (Pollack et al. , 1977). But 
the reverse may be true for Saturn, The computed excess appears to be too low. Also, 
as illustrated in Figure 4, the interior of a chemically homogeneous model crosses the 
phase separation curve after about 1 billion years of evolution. Allowance for a core- 
envelope structure leads to higher interior temperatures in the metallic hydrogen zone, 
wi' . current Saturn lying close to the separation curve. Thus, helium segregation, 
while apparently not yet an important source for Jupiter, may represent a major source 
of Saturn's current excess (Pollack et al. , 1977). 

If the phase separation of helium from hydrogen is in fact a significant source of 
Saturn's excess energj', planet-wide segregation is required (Pollack et al. , 1977). 
Therefore, an in-situ determination of the helium 'o hydx'o?-en ratio by experiments 
carried aboard ai entry probe can provide a critical test of this ifxjssibility. Not only 
will it be useful to compare this measurement with solar abundance figures, but, equally 
important, to compare it with the value foui. "or the atmosphere of Jupiter by experi- 
ments aboard the JOP entry probe. This latter comparison is needed since the solar 
ratio is not as well established as one might like. 
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satellitp: and ring observations 


In this section, we discuss sequentially cosmogonically relevant observations of 

Saturn's irregular satelUte(s), regular ones, and the rings. The outer satellites of 

Jupiter, Saturn, and Neptune differ markedly from the inner satellites of these planets 

in having highly inclined and eccentric orbits, with about half of them traveling in a 

retrograde direction. These orbital characceristics suggest that the outer satellites 

may be captured objects. Pollack et al, (1978) have proposed that capture occurred as 

a result of the gas drag experienced by lx)dies passing through the extended gaseous 

envelopes of the primordial giant planets, just prior tc the second hydrodynamical 

stage. We have earlier pointed out tliat gas drag capture offers one mechanism of 

generating core material. In such cases, continued gas drag causes the captured body 

to quickly spiral into the center of the protoplanet. However, if capture occurs in the 

outer portion of the protoplanet shortly before initiation of the second hydrodynamical 

collapse (within years) and if the captured body is sufficiently large 
2 3 

(~10 - 10 km), it will experience only limited orbital evolution prior to the removal 
of gaseous material from its neighborhood. In this case, the captured body would 
remain a captured satellite. Pollack et al., (1978) showed that this mechanism could 
lead to the capture of objects comparable in size to that of the irregular satellites, 
when nebular densities similar to those exhibited by models of the latest phases of the 
first hydrostatic stage are utilized (Bodenheimer, 1978). In addition, this model is 
capable of accounting for many other observed properties of the irregular satellites. 

Besides modifying a !x>dy's velocity, gas drag also subjects it to mechanical 
stresses and to significant surface heg^fing. When the dynamical pressure due to gas 
drag exceeds the body's strength, it will fracture into several large pieces. However, 
the mutual gravitational attraction between the fragments is larger than the gas drag 
foi GO the fragments remain together until separated by collision with a sufficiently 
la.' ray body. In this way, Pollack et a/., (1978) attempt to account for the existence 
of Jupiter's two families of Irregular satellites with the members of each family being 
characterized by similar orbital semi-major axes and inclinations. 

Figure 5 illustrates the heating rate e^q>erienced on the forward hemisphere of 
a captured body as a function of angular distance 9 from the stagnation point. 

(M. Tauber, private communication). These calculations pertain to typical parameter 
choices of 5 km/s for the relative velocity between the body and the nebula aud 
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2 X 10 gm/cm^ for the gas density. Orders of magnitude smaller heating rates occur 

d 2 

on the trailing hemisphere. If we use a representative value of 10 ergs ^cm 's for the 
heating .ate and assume it is used simply to enhance the surface temperature, we 
obtain a surface temperature of 1150 K! Alternatively, if some of the heat is used to 
melt or vaporize surface deposits of water ice, we find that meters of ice ca.i experi- 
ence a phase change during the time of the capture process. 

Saturn’s outermost satellite, Phoebe, is definitely an irregular satellite: it 
travels in a highly eccentric, highly inclined orbit in the retrograde direction. 
Conceivably, the second outermost satellite, lapetus, might also lx; considered an 
irregular satellite since its orbital inclination is substantially larger tlian tlx»sc of 
satellites located closer to Saturn. But, lapetus travels in a prograde direction and 
has a ver\* low orbital eccentricity. 

Photography of Phoebe, its neighborhood, and lapetus ma\ provide valuable data 
for assessing the validity of the gas drag capture mechanism, t’lose-up pictures of 
Saturn's irregular satelUtefs) may reveal m -phological features created during the 
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hypothetical capture cvent(s). Tlie mecluinkal stresses expiTienced duriiiji capture 
may be manifested in extensive fractures, while the strong surface heating ma\ have 
pixMluced flow features as well as pit-like structures created l>\ outgassing. 

As mentioned above, capture led to clusters of irregular satellites in the case 
of the lovian system, with cluster members representing fragments of the capturi^ 
parent i)od\. In the case of the Saturn system, no such families of irregular satellites 
are known to exist. The presence of single, irregular satellitefs) rather ttian clusters 
can be attributed to the following: there were differences in the meclianical propt'riics 
of the captured bodies so tliat total fracture never occurred for the Saturn captured 
objecls(s); or fracture did occur, but there was never a suliscquent collision with a large 
enough stray body to separate the pieces; or separation did occur, but the smaller 
fragments are too faint to be readily observed from the Earth. The last possibility 
gives rise to the suggestion that a systematic photographic search be conducted from a 
Saturn orfaiter for faint objects with orbital inclinations and semi-major axes similar 
to those of Phoebe. 

We next consider studies of the regular satellites. The Galilean satellites of 
Jupiter e.'diibit a systematic increase in their mean density with decreasing distance 
from Jupiter. Tlus trend has been attributed to the high luminosity of Jupiter during 
the early phases of its second h\drostaiic stage (see Figure 2bJ (l\>Ilack ai d Revnolds. 
1974). As discussed earlier, the high luminositv inlubited the condensation of ices in 
the region close to the planet during the satellite formation period. Saturn's low* r 
luminosity during tliis epoch means that ices were stable closer to it tlian to Jupiter 
during the formation of its satellite system. Nevertheless, a compositional gradient 
may also be present for the Saturn system. 

In Figure f.a, we illustrate the possible effects of Saturn's carl\ Ihgh luminosil\ 
on the composition of the material forming its satellite system (lAvllaek et al. , 197i'). 
Each curve in this figure shows the temperature of a condensing icc grain at the 
distance of a given satellite as a function of time from tiie start of the second h\dro- 
static stage. The curves are labelled by the first letter of a satellite's name, with 
A, B refi ring to the two brightest rings. Analogous curves for the Jovian s>sicm arc 
shown in Figure Gb. In both cases, the region of satellite formation has been assumed 
to have a low opacity to the planet’s thermal radiation. Qualitatively similar curves 
hold in the liigh opacity case (Pollack ct ai . 197G). 
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The vertical axis on the right hand side of Figure displax s the temperature at 
which various ice species condense. Thus, at times along a given satellite's curve 
when the temperature is higher than llte condensation temperature of a particular ice 
specie, it will be entirely in the gas phase and so will not be incorporated into the 
forming satellite. After a certain time, satellite formation ceases bt'cause the disk of 
material from which they form has been eliminated. If the temperatures have remained 
too hot for certain ice species to condense up until the end of the satellite formation 
period, they will be absent from a satellite formed a! the distance under consideration. 
Hence, satellites close to Saturn will lack the more volatile ice species incorporated 
into satellites formed further away. 

The sl<ort vertical line segments near the top of Figure 6 indicate the time, 
t (a = r), at which the radius of the planet equalled the orbital distance of the satellite. 
Presumaoly, satellite formation at that distance did not occur at earlier times. Titan 
may be larger than satellites closer to Saturn because its formation could have started 
with the commencement of the second hydrostatic stage (Pollack et al, , 1977). 

Accurate measurements of the mean densiU of Saturn's regular satellites 
represent the most important data for assessing the possible influence of Saturn's 
early excess hunincsity on the composition of its satellite system. When graphs, such 
as Figure 6, are constrained by the currently known compositional properties of 
Saturn's satellites or the time of satellite formation for Saturn is assumed to be the 
same as for Jupiter, the follotring general picture emerges of the bulk compositional 
gradient within the Saturn system: water ice may represent the only ice species 
incorporated into the innermost satellites of Saturn; ammonia ices, principally NH^SH, 
as well as water ice are present in all the remaining satellites; and methane clathrate 
is to be found in satellites starting at Titan's distanc'e from Saturn. Also, there may be 
variations in the fractional amount of ituivv material incorporated into the satellites 
because of the delay in the formation of the inner ones caused b\ Saturn's size 
exceeding their orbital distances at the beginning of this period. While the resultant 
variations in bulk density among the regular satellites of Saturn may not be nearly as 
spectacular as for the Galilean satellites (Lewis, 1972). they still may be diset-med 
through precise measurements. 

Currently, the mean density of five of Saturn's satellites is poorly known and it 
is not known at all for the remaining ones (Morrison et al. , 1977). I ndoubiedly, ihe 
mean density of a lew saiellites, especially Titan, will be determined with high 
precision when Pioneer 11 and the Voyager spacecraft pass through the Saturn system. 

But accurate values for the remaining satellites will await a Saturn orbiter. 
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Finally, lec us consider the origin of the rings of Saturn. There are two 
principal competing theories. Either the rings were formed as part of the same 
process that resulted in the regular satellites, but tidal forces prevented the aggrega- 
tion of a single large object at die rings' distance from Saturn; or alternatively, diey 
repress fragments from a stray body that passed close to Saturn and was tidally 
disrupted (Bollacit, 1975). The composition of the ring particles offers a way of testing 
the first possibility. As illustrated in figure 6a, temperatures may have become cool 
enou^ close to the end ot the satellite formation period for the Saturn system so that 
water ice was able to condense in the re*pon of the rings. Any silicate grains, which 
condensed at earlier times in this re^on or were present from the start, would have 
been incorporated into the planet since Saturn's size exceeded the orbital distance 
of the rings for most of the satellite formation period (see the top ot Figure 6a). Thus, 
if the particles constituting the rings were derived from material generated during 
Saturn's satellite tormatioa epoch, they should be composed almost entirely of water ice. 

There is. in fact, some evidence that the ring particles contain water ice. Near 
infrared spectra demonstrate that water ice is an important component of the particles' 
surface material (Hlcher et aL , 1970). Constraints on their bulk composition are 
provided by radar and radio observations. Analysis of these observations show that 
water if;e could be the dominant component of the nng particles, whereas rocky 
material cannot (Pollack et oL , 1973; Pollack, 1975; Cuzzi and Pollack, 1978). 

However, with the present data, it is more difficult to exclude models in which metals, 
such as iron, represent the major bulk material (Cuzzi and Poiladt, 1978). 

We know that the rings have a hi^i brightness temperature in the middle infrared 
(-10 to 20 /*m) and a very low one in the microwave (>3 ram) (Pollack, 1975). 
Unfortunately, there is conflicting evidence as to where the transition from one bright- 
ness temperature regime to the next occurs. In part, this situation arises from the 
difficulty in spatially resolving the rings from the Earth at the wavelengths of interest. 
Therefore, it may be worthwhile to have a multi-channel infrared radiometer atoard a 
Saturn orbiter, which will observe the rings in the 20 tim to 1 mm wavelength region. 
Determination of the location and shape of the transition point would provide a good 
means of determining whether water ice is the major component of the ring particles. 
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SUMM.\RY 


Table 1 provides a summani' of the major recom mediations given in this paper 
for an SOP^ mission. The first column lists the cosmogonic problem, with the second 
and third columns defining the critical measurements that can be done to help resolve 
it. Clearly, much insight into the origin and evolution of the Saturn system can be 
realized from a combined orbiter-probe mission to this system. 


Table 1. Ccsmogcnically Relevaitt Measurements for an SOP^ Mission 


Cosmt^nic Issue 

K^' Measurements 

Observational Technique 

Origin o£ the Saturn system: 
core instability vs. gas 
instability. 

Assess composition, 
amount, and distributimi 
of excess heavy elements. 

In situ compositional mea- 
surements of NHj, CH^, 
H 2 O, He, and H 2 from an 
entry pn^; track orbiter to 
determine the mass of the 
rings to establish values of 
J 2 and for Saturn. 

Source of Saturn's current 
excess luminosity: is He 
segregation an important 
smtrce? 

He/Uo ratio in c^iservable 
atmosphere. 

In situ measurement made 
from an entry probe. 

Capture mechanism for 
irregular satellites: Did 
capture occur due to gas 
drag wiUiin the primordial 
Saturnian nebula ? 

Morphological pn^rties 
of the surfaces of the 
irregular satellites; 
existence of clusters. 

Close-up photography of 
irregular satellites from an 
orbiter; photographic search 
for faint cluster members. 

Influence of Saturn's early 
luminosity on the composi* 
tion of its regular satellites. 

Accurate values of the 
mean density oi the 
regular satellites. 

Good mass and size deter- 
minations from tracking an 
orbiter and from photography 
during close passages by the 
satellites. 

Origin of the rings. 

Composition of the ring 
particles; especially 
determining whether they 
are made primarily of 
H 2 O ice. 

Multi-channel infrared 
radiometer, operating in the 
20 pm to 1 mm wavelength 
region. 
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DISCUSSION 


J. CALDWELL: If you Invoke a gas drag mechanism for capturing Phoebe, does 
that not give you trouble with the very existence of the inner satellites ? If the gas drag 
is enough to capture, how do the others survive? 

J. POLLACK: Well, It's a question of the phase at which different things 
happen. The capture that we’re speaking abmit is occurring at a ver>' early time when 
Saturn may have been maybe a hundred times bigger than its present size, while in the 
case of the regular satellites themselves, one is speaking about much later when Saturn 
was perhaps Qve times Its present size. You're quite right in the sense that one has to 
be very careful at the stage that the regular satellites are forming. There is a delicate 
balance between having eimugh material in the disk for condensation and the aggregation 
of the satellites, and yet not having so much gas around that the protosatellites spiral 
into Saturn. 

J. CALDWELL: Jupiter doesn't have a major ring system while Uranus has a 
small one. Is there anything potentially to learn about die Saturn rings from this? 

J. POLLACK: Remember that in the Saturn system just before the end of the 
satellite formation period, temperatures in the ring region could have gotten cold 
enoi^h for water ice to condense. In the case of Jupiter, its luminosity at the same time 
was a factor of 10 higher, so that it never got cold enough within its Roche limit for 
water ice to condense. 

In the case ot an alternative material like silicates, there may well have been 
silicates around initially to condense, but at the time that silicates would have been 
available, Saturn would have been so large that it exceeded the outer boundary of the 
rings, so that any silicates there would have been incorporated into Saturn itself. 

In the case of Uranus, I do not care to speculate very much at this time on why 
its rings are so different from Saturn's. The only thing I can say is that temperatures 
could have gotten cold enough to allow material to condense inside the Roche limit. 

B. SMITH: But not ice, because the Uranus rings are too dark. 

G. ORTON: If helium is capable of segregating from hydrogen at the present 
time in the interior of Saturn, what does that imply in terms ot the heavy elements, 
methane, water, and silicates. 

J. POLLACK: The physics is different, so I'm not sure whether one would 
expect a phase separation or not. The ultimate answer to the question may require 
measurements of gravitational moments. 
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G. ORTON: What precision is required in the measurements of excess thermal 
flux from Saturn ? 

J. POLLACK: Well, I'd really like to know whether it's significantly higher than 
my prediction or not. Thus a precision of would be quite significant, and I think 
ultimately one might like to go to 10?c. 

G. ORTON: For the observations for the presence of water ice in the rings you 
recommended very long wavelength infrared observations. 

J. POLLACK: Longer wavelength observation may distinguish between composi- 
tion of the surface and the bulk composition. I don’t think that there is any question 
that water ice is the major surface constifiient of the particles. In the case of water 
ice, it's very absorbent up to about 150 pm and then its absorption coefficient starts 
decreasing very rapidly. And we know from current observation at a few millimeters 
that the opacity is quite low. The transition wavelength region will surely contain the 
information we need on the bulk composition. 

R. MURPHY: Couldn't radar techniques from orbit or even radio occultation 
measurements be diagnostic of bulk composition ? 

J. POLLaCK: Au occuitation basically measures the total cross section, so it 
is sensitive to the sum of scattering plus absorption. It doesn't separate the two 
components. Radar is a very nice complementary measurement to the passive bright- 
ness temperatures. But we still need to know the brightness temperatures in the 
long-wave IR region. 
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ABSTRACT 

We review recent developments in the study of Saturn's atmosphere. 
Saturn apparently has a high clear layer of Hj under which lies a com- 
parable layer rich in dusty material. Beneath this is a thicker layer con- 
sisting mostly of H2 mixed with haze particles. An NH^ cloud deck prob- 
ably lies below this layer. Evidence for seasonal variations is presented in 
the form of changes in the NH„ CH^ and absorptions. Finally, the 
laces' mixing ratios for the g-ascous constituents are summarized. 


EXOSPHERE AND H TORUS 

The extent of Saturn's atmosphere is uncertain. L^emission has been observed 
from the OAO-C (Copernicus) satellite and a rocket to extend possibly out to Titan’s 
radius. Barker (1977) reports Lq> emission of 150 R with FWHM of 75 mA for a 
spectroscopic slit 0.3" x 39" projected on the torus region 5" to 10" inside Titan’s 
orbital position. For Saturn’s disk, he reports 250 R emission with FWHM of 100 mA. 
These observations were made during 12-15 April 1976 with OAO-C and are at the 
limit of photometric accuracy. The strengths are subject to revision depending on the 
concurrent geocoronal calibration. 

Apparently, the first statistically significant detection of Lq, emission from 
Saturn was obtained in March 1975 by Weiser, Vitz and Moos (1977) using a sounding 
rocket with circular spectroscopic apertures 26" and 53" in diameter. Saturn’s disk 
had an angular extent of 17" by 19" and the outer edge of Ring A had an extent of 
43" by 19". Assuming uniform emission intensity over the respective apertures, (hey 
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derived a I, brightness of 700 R ± 50 percent for Saturn's disk and 200 R ^ 50 percent 
for the I'egion outside and immediately adjacent to the disk, out to the radius of the 
large aperture. Any intensity distribution having zero emission from the region outside 

the di^ is not compatible tvlth tlie d)servations. The Lq, brightness of Saturn’s disk 

« 

scales well with the 2 kR brightness for Jupiter, suggesting similar excitation mechan- 
isms in the upper atmospheres of both planets (resonant scattering). Weiser et al. 
estiniate only 10 R emission for H in the vicinity of the Rings from meteoroid bombard- 
ment of the Rings, solar and interstellar wind bombardment, and ice sublimation. 
Saturn’s inclination is high enough so that any contribution of a H torus centered along 
Titan’s orbit to the 200 R observed in the vicinitj' of the Rings w'ould require ejection 
velocities of H from Titan nearly comparable to Titan's orbital velocity (5. 6 km/s). In 
this case, many atoms would be escaping the Saturn system so the torus geometry 
might not be a valid description of the H distribution. 

In April of 1977, Barker (1978) repeated his observations and foimd essentially 
the same disk intensity but detected no emission (less than 100 R) over the Rings. 
Therefore, the question of emission naxt to Saturn’s disk, in the immediate vicinity of 
the Rings, remains open. 


IONOSPHERE 

The structure of Saturn’s ionosphere was recently considered by Capone et al. 
(1977) who included, for the first time, the heating of cosmic-ray ionization as well 
as that of the extreme ultraviolet radiation of the Sun. These effects are comparable in 
tlie outer atmospheres of the major planets beyond Jupiter if the surface magnetic field 
is 2 Gauss or less and where the insolation is relatively diluted. They neglected the 
photochemistry of NH^ and the possible roles of neutral hydrocarbons higher than CH^. 
They also neglected negative-ion chemistry and plasma diffusion. They performed 
their analysis for an isothermal stratosphere and also for Wallace’s (1975) model 
atmosphere to bracket tiie tern erature regime. The electron densities (the quantity 
most likely to be observed) are plotted in Figure 1 for both cases; the calculated 
positive ion densities are shown only for the isothermal case. Characteristic of these 
calculations are two peaks in the electron density, whose altitude separation is 
diagnostic of the temperature structure in the inversion regime. An occultation experi- 
ment with a space probe promises to be a useful tool for investigating the thermal 
Inversion of Saturn's atmosphere. 
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TEMPERATURE IN\^ERSION 

The question of Saturn's atmospheric thermal structure in the lower inversion 
region and troposphere will be addressed at this workshop by Tokunaga, in addition to 
the question of the magnitude of Saturn’s thermal flux. I will consider the aerosol 
structure and composition of Saturn's atmosphere and also the spatial and temporal 
variations. I will, therefore, confine this section to a few remarks. 

The presence of Saturn's inversion layer was first indicated by the 7.5- 13.4 pm 
observations of Gillett and Forrest (1974) at resolution \/AX = 67 (Figure 2). Their 
spectrum revealed an emission peak at 7. 8 pm in the CH^ band similar to that 
observed for Jupiter. The lack of a brightness temperature minimum around 8. 2 pm 
indicates some unspecified extinction in Saturn's atmosphere which is not strong in 
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Figun 2. Surfaee brightness of Saturn t’enus wavelength. Also 
shown are the locations of the O uranches of the and bands 

of PHj. (Cillrt and Forrest, 1974) 


Jupiter's atmosphere. They also detected the bright emission from the band of 
C^Hg centered around 12.2 pm. Soon thereafter, Gillett and Orton (1975) obtained 
several scans across Ihe disk of Saturn at 11. 7 pm (A A = 0. 18 pm) with a spatial 
resolution of 2". 8 arc sec. These showed limb brightening, confirming the presence of a 
thermal inversion in Saturn's upper atmosphere. Observations usii^ a broad band filter 
at 11.7 pm (AX =1.8 pm) showed less emission at the limi ' These observations 
strongly support Danielson and Caldwell's suggestion that the emission arises from 
C^Hg. They also foimd enhanced emission over the south pole (Figure 3), which they 
attribute to the increased insolation resulting from the tilt of this pole towards the Sun. 

The thermal inversion affects the monochromatic flux primarily in the 7-20 pm 
spectral region. The continutim is cooler than the region of the inversion emitting hot 
radiation partly because the deep, hot region of the troposphere is hidden by the NHg 
haze in the spectral region where it is not effectively hidden by the pressure- induced 
H 2 opacity. The thermal inversion also tends to fill in the absorption features of the 
S(0) and S(l) pressure induced transitions of H 2 , making the spectrum more like a 
black body. This filUi^ in cannot be too strong, as in the case of Caldwell's (1977) 
model, because this vrould cause H 2 to radiate efficiently in the inversion zone. This 
would tend to destroy the inversion because a temperature inversion can only exist 
when there is no efficient radiator at thermal wavelengths in the inversion region to 
release the energy absorbed there from the solar heating of gas molecules and dust 
particles. 
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THE TROPOSPHERE AND NHg MDUNG rj\.TIO 

Below the inversion region is the tropo^tere and associated haze layers and 
cloud decks. Below its sublimation level, NH^ should be uniformly mixed with the other 
atmospheric bulk constituents. The microwave spectral observations permit the NTlg 
distribution to be studied to depths much greater tiian for any other spectral region 
containii^ NH^ bands. Several authors have assumed an isothermal stratosphere and 
convective troposphere in order to calculate synthetic spectra of the 1.25 cm NH, 
"inversion" band which they then compared with observations (Guilds et ai. 1969; 
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WrixoD and Welsh, 19'<0; Guilds and Poynter, 1972). Models with s<dar NH^ abundance 
below the saturation le\'el and saturation values of the partial pressure above the 
saturation level fitted the observations well. Ohring and Lacser (1976) dispense with 
the need for making these assumptions by using temperature profiles (ferived directly 
from inverting the emission spectrum of the 7.7 pm CH^ band (Ohring, 1973), and 
using them to derive the NH., distribution dii'ectiy from inverting the observed micro* 
wave emission spectrum. This spectrum th^ approximated hy ^ smooth curve between 
1-20 cm, usii^ the points with higher signal to noise ratios. Their results, shown in 
Figure 4, depend on the mixing ratio but are rather insensitive to the He/H 2 

ratio for values -^0.2. For a nominal CH^/H 2 = 5 x 10 they obtain a relatively 
constant value of = 1 x 10~^ below the saturation level and, as for Jupiter 

(Ohring, 1973), they find to be saturated (not supersaturated) above the saturation 
level. This level lies at 154 K and 4 atm for the nominal model. Its variation with 
CH^ mixing ratio may be ascertained by reference to Figure 4. 

Saturn's NH abundance determined from the 6450 A band has been relatively 

O 

constant in the three year period ending 1975 (Woodman, Trafton and Owen, 1977). 

The abundance is 2 ± 0.3 m-am NH. "abo\'e the clouds" (equivalmit reflecting layer 
model). Ohring and Lacser (1976) indicate that the level of line formation of for 
an abundance of 2 m-am is above the highest level for which they have inferred NHg 
concentrations. The microwave results have the advantage that they pertain to much 
deeper layers than do the visiul spectra. 
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HAZE 


There appears to be an extended haze in Saturn's atmosphere near the 100-105 K 

levels. Gillett and Forrest's (19741 spectra shou- a brightness temperatm-e in the 

9-11 pm region of only 100-105 K, compared to -»130 K for Jupiter. They point out that 

this Ls too cold for the dominant gaseous opaci^' to be the (Xirtial pressure of 

** -3 

NHj in the layers responsible for Siitum's 9-11 pm emission is 10 “ to 10 times that 
in the layers responsible for Jupiter's 9-11 pm emission (wiiich arises in the r., band 
of NHj). My radiative convectiw models surest that the top of Saturn's convective 
zone is at the 108-112 K level, well above the NH^ saturation level, in contrast to 
Jupiter. If Saturn's haze consists of NH^ particles suspended by convoctixe currents, 
its extent in depth is .nuch larger than for Jupiter. Caldwell (1977a) finds that indeed 
solid ciy'Stals provide a good fit to Saturn's spectrum in the region of the 9.5 pm 
absorption feature visible in Gillett and Forrest's (1974) data. He also finds that the 
haze must be inhomogeneously distributed in deptli, being concentrated at lower levels 
rather than mixed throughout the inversion. This haze layer is quite transparent at 
microwave wa-*elengths and is sufficiently thin at visual wavelengths that weak NH^ 
lines are detectable in the 6450 band. Visible light penr: rates below tiie 105 K level, 
where it undergoes multiple scattering. 

The haze causes tlie subdued behavior of the equivalent widths of H , CH and 

J 4 

NHg from the center of the disk to the limb. The H., quadrujjole lines are roughly 
constant over the disk; thej’ are slightly stranger at tlie south pole and slightly weaker 
near the equatorial limbs (Trafton, 1972). The 6450 A NH,. band is strcHigest at the 
center of the disk, slightly weaker at the south pole, and quite weak near the equa- 
torial limb (Woodman, Traftixi and Owen, 1977) as indicated in Figure 5. Methane 
absorption is weaker in the ecpiatoriaJ belt and either about the same over the south 
pole and the center of the disk or slightly weaker over the pole (Teiiel, I'soltseva and 
Kharitonova, 1971; 1973). 

Saturn's limb darkening and polarization ai*e not characteristic of pure Rayleigh 
scattering but of a haze with particles having :ui average radius of pm (Teifel, 

1975). 

The sluipes of the R-b ranch manifolds of the 3 CH^ bard indicate the presence 
of some aerosol scattering (Tnifton, 1973; Trafton and Macy, 1975; Macy, ^976) but 
they are much more compatible with a reflecting layer model (l?LM) than a hom<^e- 
neous scattering model. These observations were obtained along Saturn's central 
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meridian* excluding the equatorial belt and Rings. For this area, the RLM approxi- 
mation may not be bad, at least in this wavelength regime. Figure 6a shows spatial 
scans 1 obtained along Saturn’s central meridian at three wavelei^^s located in various 
CH^ bands. They illustrate the CH^ absorption increasing strongly towards the pole. 
Figure 6b shows the CH^ absorption at these three u'avelengths increasing toward the 
south pole. 

Another manifestation of Saturn's haze is the lower abimdance determinations in 
the infrared than in the visual spectrum (see the secticm below' on Composition). Also, 
abundances determined from lines of very different strength at the same wavelength 
lead to conflicting values when analyzed in the RLM approximaticm. See de Ber^ and 
Maillard (1977) for a discussion of this. Finally, we have already noted that the 
brightness temperatures at 8.2 pm and 9.5 pm indicate a haze. 
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39 






DUST 


The presence of dust in Saturn's atmosptore is deduced from die sharp drop in 
albedo between 5000 A and 3000 A. It prt4>ably arises from idiotodiemistty of CH^ 
photodissociation products (Caldweil» ld77a). Podolak and Danielscm (1977) have 
modeled this albedo in terms of a homogeneous dust layer mixed with 28 km -A (kilometer'' 
Amagat) above a cloud deck and under a clear layer Hg 7 km -A thick. The parameters 
of the dust follow: The real part of the index of refraction = 2. 0; the imaginary part 
- X~2.5. 2 distribution in particle radii from 0 to 0. 1 pm. The dust parameters 

are the same as those successfully used to model the blue-UV albedos of Jupiter and 
Titan. At 5000 A, the optical depth for extinction of the dust is 0. 7. The fit is shown 
in Figure 7. It should be noted that these models of the dust distributi(m are not uni^pie. 
The effect of an inhomogeneous depth distributicai of the dust would be to chai^ tte 
value of the expcment a in the imaginary part of tiie r^ractive inctex (Barker and 
Trafton, 1973). 

The presence of a high, clear region of the atmosphere, free of dust and 
aerosol particles, is required by the increase in albedo shortwards of 3000 A 
(cf. Figure 7). This occurs as a result c€ a sharply increasing cross section ol 
Raleigh scattering. A layer of 7-28 km-A is needed, depeiuling on die model. Podolak 
and Danielson (1977) place 7 km-A Hg in the clear region; Teifel (1975) places ’’less 
than 13" km-A Hg there; and Macy (1977) places 27 km-A Hg there. 


rgjrt (Dust) 



Figure 7. Xanatim of gtomelrk a/bedo u-ith wavelength for Saturn. The ioiiJ curve ti the 
theorettcal fit to the data with a 7 km-am-regtan of Hj abote the du\t. The dathed cunt u the fit 
wtthout such a clear layer. The methane absorptions are also shoun. t Podalak and Danetlson. 

1977). 
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More aiH-iirnto modeling of th-'s region is needed. The pjeseiue of hmb brightening in 
the I V (Marin, ItUiS) also requires a relatively dear upper atmosphere. .\ew mea- 
surements, sueh as those of Tranz and Priee (1977) ma\ help the modeling. They find 
prt^nouneed limb brightening in I , moderate limb brightening in Band limb darkening 
in V. 

.AFKOSOL STUl CTl Kt: 


The best model to date of Saturn's aerosol struelure is Mary's (1977) but this 

model does not agree with all observations so there is n>om for improvement. For 

the thermal struetare, Mae\ uses the temperature profile of Caldwell's thermal model 

(1977a) but adjusts the effeetive ii-mperature to 97 K instt'ad of 93. K and uses a 

-2 

surface gravit> ot 1050 em s . Caldwell's inversion region is tw> low for it causes 
to appear in emission in his m*>del but this does not significantly affect the aerosol 
structure. The various models for the inversion converge in the troposphere although 
they disagree in the inversion regime. The convergence is a result of the 
opacities being relativeh well known because these opacities control the radiative 
transfer in uie tropiisphere. 

Maey's model is constructed to agree with photontetric and speetroseopic data 
in the CV, visible and near IK while Caldwell's (1977a) thermal model is concerned 
with the spectral characteristics for wavelengths longer than pm, except for solar 
heating. Scattering is not included in the radiative transfer of Caldwell's model but 
is included in Macy's model. C»ther differences are that Macy's model includes a 
clear region above the absorbing dust and has the cloud deck at the NH sublimation 

tS 

level rather tluin at the radiative-convective boundary. I'he former is motivated b\ 
the I V limb brightening and rise in albedo. The latter is motivated b> the visibilitx 
of weak gaseous NH^ absorptions, relatively large equivalent widths and high 
rotational temperatures for CHj. Macy's model also distinguishes the equatorial 
from the temperate zones, as indicated in Table J. 

Figure S shows Macy's schematic for Saturn's atmosphere. .Above the opaque 
cloud deck is 52 km-.A H., mixed with haze particles. Multiple scattering in this region 
enhances the equivalent widths of the H,, lines but obscures the gaseous NII.^ absorption. 
■Above the haze is a layer of absorinng particles (or dust) 15-2.3 km-.A thick and above 
this there is the clear region 19-27 km-.A deep. The dust layer accounts for the drop 
in albedo in the blue-l'V six’ctral region and helps to heat the upjx'r atmosphere. The 
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Table 1. Particle Distribution 


Layer 

H 2 Abundance (km- A) 
Equator Temperate 

Pressure at 
Layer Bottom. 
Equator (atm) 

Pressure at 
Layer Bottom, 
Temperate (atm) 

Clear gas 

19 

27 

0.2 

0.3 

Absodt)ing Particle 

23 

15 

0.4 

0.4 

Haze Particle 

52 

52 

1.1 

1.1 


haze layer also helps to explain the shapes of the 3v CH. manifolds and the low bright- 
ness temperature at 9.5 (im (but the cross section for the particles may be quite differ- 
ent at visual wavelengths than at 9.5 pm). Macy's model incorporates the Raleigh 
phase function for scattering by the gases and an isotropic pdiase function for scattering 
by the particles. The particle albedo is scaled according to the van de Hulst similarity 
relations to account for their anisotrapy. Because greater polarization is observed in 
the temperate region than in the equatorial belt, Macy argues that absorbing particles 
should lie deeper in the tempei*ate region. His model is also constrained by molecular 
line observations: in particular, the (3-0) and (4-0) Hg quadrupole lines, lines from the 
weak 6450 A NHg band, aixl manifolds from tiie 3vg CH^ band R branch. 

Macy's model fits the spectral reflectivity well (Figure 9). On the other hand, 
the fit of the reflectivity from the center of the disk to the equatorial limb is rather poor 
(see Figure 10). This is due in part to approximating anisotropic scattering by isotropic. 
There is also a problem with the high rotational temperature of the 3 CH^ band. The 
high-J manifolds are too strong relative to those in his model. He discussed this prob- 
lem in a previous paper (Macy, 1976) which analyzed the 3 CH^ band and H^ absorp- 
tions simultaneously using an inhomogeneous model atmosphere. He found that if the 



Figure 8. Diagram of the model. Values for the H 2 ahuttdance in the char layer, 
(o^, the absorbing particle layer, easy, and the haze layer, u>^ , are giten in 7 able / . 
The absorbing particle-haze layer boundary cnrrespond> t.> the radiatne-contnllte 
boundary. The bottom of the cloud deck is at the ammonia sublimatmn lettl. 
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optical tliickness of the haze layer was adjusted to fit the observt'd absorption, the 
effective depth of absorption for the 3 (.'11^ band was so shallow tlvit the rotational 

temperature of the band came out too low. 

It seems to me that this problem could be resolved if tiie mean cross section of 
the haze particles in his nuxlel were allowed to decrease with increasing wavelength 
rather than be held constant. This variation is required to explain the (3-0) and (4-0) 
Hg absorptions in Tranus' atmosph're (Trafton, 15)7(i). Then deeper, liotter layers 
w^ould contribute to the 3 CH^ absorption at 1.1 pm while shallower layers limit the 
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H 2 absorption at 0.64 and 0.82 pm. This modification should also result in a 

revision of the derived ratio. 

Finally, there appears to be some uncertainty about the depth of the NH^ 

sublimation level. Macy's model gives 1. 1 atm but that derived from inversion of the 

-4 

NHg microwave spectrum (Ohring and l^cser, 1976) is 4 atm for a CH^ = 5 x 10 . 
Macy's model has four times the methane mixing ratio. The microwave results are 
brought into closer agreement with Macy's sublimation level if Macy's methane mixing 
ratio is assumed. This would require a larger NH^ mixing ratio, however, so the 
depth, at present, must be considered uncertain. 


SEASONAL VARIATIONS 

Spectra of Hg, NHg and CH^ obtained over a long time base indicate that signi- 
ficant seasonal variations occur. The visibility of the 6450 A NHg band has ranged 
from zero to almost the strength of Jupiter's band. Dunham (1933) was able to see as 
many lines of this band in Saturn's spectrum as he saw in Jupiter's spectrum. This 
is not surprising in view of the exponential dependence of the equilibrium NHg vapor 
pressure on the temperature and the deep NHg haze layer. Small changes in tempera- 
ture could cause much bigger changes in the NH^ visibility. 

Observations of the H., quadrupole lines over the past decade are shown in 
Figure 11 (Ti-afton, 1976) and indicate a seasonal variation correlated with the shading 
of the planet's disk by the Kings. Figure 12 shows more recent data for strong CH^ 
bands. If the trend given by the earlier Hg points is correct, Saturn's atmosphere 
mimics the deep, clear atmosphere of I'ranus at a time when the Rings are edge on 
(minimum shading) which also happens to be when the planet is farthest from the Sun. 
The Ring shading and orbital eccentricity each produce 15'( variations in the insola- 
tion of the disk. The Hg equivalent widths appear to be minimum at the time of 
maximum shading, suggesting a lot of hrze opacity in the deeper atmosphere. The 
CH^ bands, which probe shallower regions of Saturn's atmosphere, show a recent 
increase in strength, suggesting that haze may be settling out of Saturn's upper 
atmosphere after the time of maximum Ring shading. Further monitoring of Saturn's 
Hg, NHg and CH^ absorption is needed to confirm the seasonal behavior and to 
understand its causes. The scatter of the points in Figure 11 indicates that the 
diurnal and short term variations arc typically less than 10'". 
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Figurr II Ttmt lanMton of Hj tqiiiialtit uiJthi. Tlx long t<rm bthattor t> ('rt: uwuthly leMCKul. An npf^-r limit to thi Jiunul 
bthanor u gntn by tlx uatttr. (j) \’jlua from all spMra. Tlx uaitlfugth uale on fix right n lor tlx iurviJ at th Ifip of tlx Jifun The 
fxavy itinv JtMribts tht ufuan of Saturn s dtstana from tlx Sun normaliztj to unit\ m January It uai ma\inirm m vf /')Sy 

It :s intmrl) proportional to tht insolation . The light curies bracket the fr^uanal \haJtngof Saturn's disk h toe rings. Tlx absorption ua\ 
minimum at the time the shading of the nags u as maximum. \Tben ihaJtng uas minimal, the H, ahorption mas hate been greatest u hen 
Saturn Was farthest from the Sun. Star this time, the depth of the SH.s doud should hat* been greatest. ( b I Values Itr.m the high-rtsolulion 
spectra alone. These hate a louer scatter and are less susitptthle to emsn resulting from blended telluric H;0 lines. Encren ee and ssuen 
i I97i) measured values in February of I9~.i for the t i~0> linci. Their lalue for SylOi agrees with our data uell hut their laluc 
I4I + *i rtAl/orSf 1) IS l’>9r Inuer. 
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Ftgun 12. Long-tf 'm variation of Saturn's CH^ absorption on the central meridian, excluding the ecjuatorial belt and the hemisphere h 
the rings. The precie wavelength are shown in Figure 5. The scale on the right is for the X 8900 band’s residual intensity. The scale ^ " 
for the other three bands. The umertamty of the values from the k W 100 hand ts equal to the height of the symhol. These points have thhigl^i 
accuracy owing -o no blending with telluric Hp and a fairly wide band minimum. The uncertainty of the other values ts best estimated from then 
scatter. The o wn symbols indicate greater measurement uncertainty. The + symbol plots points taken with the si, t set parallel to Saturn's equator ,n 
the northerr hemisphere during 1964. All bands indicate an increase in absorption. 




COMPOSITION 


The questions of composition are what gases compose Saturn’s atmosphere 
and whauare their relative abundances? In addition to II 2 , NH^ and CH^; detected 
gases include II (Wciser ct ai, 1977), (Combes ef 1975), HD (Smith and 

Macy, 1977; Trauger, lioesler and Mickelson, 1977), Cg Hg (Tokunaga, Knacke and 
Owen, 1975), PHg and CH^D (Fink and Larson, 1977). Helium has not yet been 
detected; its presence is inferred from cosmogony and possibly from the shape of the 
thermal spectrum. Solid NH appears to be responsible for the absorption at 9. 5 pm 

O 

and possibli at 8. 98 pm (Caldwell, 1977a). There appears to be a weak feature at 
10. 1 pm in the spectra of Gillett and Forrest (1974) which might arise from solid 
NHgD (Caldwell, 1977) but higher resolution spectra are needed to confirm this . 
possibility. 

The controversy on whether the features at 10-11 pm are due to PH, 

O 

(Bregman et ai. 1975) or to C 2 H^ (Encrenaz etai, 1975) appears to be resolved in 
favor of PHg since Fink and Larson (1977) have detected PH^ in Saturn’s 5 pm spec- 
trum. They liad the absorption to be* considerably stronger than on Jupiter. About 
50 cin-A of laboratorj’^ PHg is needed to match tlie broad PHg feature at 4. 73 pm. 
These authors also find the Q and P branches of CH^D to be quite prominent in 
Saturn's spectrum and the line strengths are comparable to those of CH.D on Jupiter. 
About 5 cm-A of laboratory CH^t^ is needed to match their absorption. Smith and 

Macy (1977) derive a value for D/H ^ (6. G ±3. 1) x 10-5 from the R-(0) line of HD and 

-5 ^ 

Trauger et al.. (1977) report a similar vr.lue (5. 1 iO. 7) x 10 from the P^(l) line of 

HD. Modeling the emission from the band of C^Hg at 12. 2 pm. Caldwell (197'7a) 

estimates a mixing ratio C,Hg ''H, = 1. 8 x 10 **. 

A number of abundances for Hg, NH^ and CH^ have ’oeen given in the literature 

in the reflecting layer approximation. For the (3-0) and (4-0) Hg quadrupole lines, 

Encrena? and Owen (1973) quote 77 *20 km- A H, using ihe curve of growth of Fink 

and Belton (1969) which is now’ outmoded because the pressure broadening coefficients 

have since been improved (Macy, 1973). For the Q,,(l) line, de Bergli et ai. (1977) 

+9 

obtain a H_ abundance of 25 „ km- A also b\ using Fink and Belton's curve of growth. 

^ flO 

For the pressure-induced fundamental, Martin derived 25 „ km-am H_ with a base 

■i'O 2G ^ 

temperature of 150 K and a base density of 0.52 g' amagats. For the first over- 
tone of the pressure-induced Hg band, Lecacheux et ai. (1976) derived 63 km-A 
Hg. From the 6450A NHg band. Woodman et ai (1977) derived 2.0 ±0.5 ni-A NH^. 
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But from the 1.56 /im NH^ band, Owen et al. (1976) derived an upper limit of 

0.15 m-A. Using the 3 CH^ band, Trafton (1973) derived a CH^ abundance of 

54-tl3 m-A (Trafton and Macy, 1975) and Lecacheux et al. (1976) derived 
+15 

59 ^ m-A. On the other hand. Lutz et al. (1976) analyzed the weak blue and green 

bands and derived '•150 m-A CH^. 

It is easily seen from this that the abundances derived in the RLM approxima- 
tion vary ’x)th with the wavelength of the band analyzed and with the strength of Uiat 
band. Except perhaps for the central meridian, the RLM approximation is probably 
poor. Even comparing bands at the same wavelength but of different strengths 
requires that the radiative transfer include scattering. Meaningful abundance ratios 
may be obtained without analysis of the radiative transfer if absorption features of the 
tw'o gases in question can be found and measured w'hich have comparable strengths 
(de Berghand IMaillard, 1977). This ratio is independent of the radiative transfer, at 
least for weak lines. Therefore, duplicating these absorptions with cold laboratory 
spectra yields the abundance ratio. This method has been applied successfulh for 

C/H and C/ C in the atmospheres for Jupiter and Saturn. For Saturn, Lecachex 

+2 0 -4 

et al. (1976) derive C/H = 4. 7_j^* 3 x 10 and Combeis et al. (1977) derive 

respectively. Figure 13 shows several manifolds of*Saturn’s spectrum and the 
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laborator)' CH. features used to compai item. These values are essentially the 

* 12 13 

same as the solar values* and the same as the telluric value in the case of C/ C. 

Podolak and Danielson (1977) have shown the importance of including dust am) 
haze in determining abundances from atmospheric models. They were successful in 
constructing such models which give both the observed absorptions for the weak blue 


bands of CH^ and the stronger bands the red and near infrared. 

Some results for the mixing ratio from such models follow; Podolak 

and Danielson (1977); 5x solar C/H (CH^/Hg = 3. 5 to 3. 9 x 10~^; Caldwell (1977a): 
4. 7x solar (CH^/Hg = 2. 1 x lO”^; Mach (1977): 5x solar. These are all higher 

than the value of Lecacheux et af. (1976), who derive approximately the solar ratio. 


This discrepancy requires further study. 


Saturn's UV spectrum obtained uy the TDla and OAO-2 satellites shows no 
definite absorption features (Caldwell, 1977b). Saturn's albedo from 2100A to 2500A 


is similar to Jufnter's, implying ttet there Is a common UV absorber. This absorber 
cannot be NH_ on cither plan^ because it is frozen out to much deeper levels in 
Saturn's atmosj^ere sc that it should affect Saturn's spectrum differently. Caldwell 

mixing ratio of HgS/Hg = 1. 4 x 10'® 
fits Saturn's UV spectrum (see Figure 14). This compares with the upper limit of 

_7 

4 X 10 on this mixing ratio repo^ .ed by Owen et oL (1976) for Saturn from tlie 6289 
cm ^ band. Caldwell's value is much le^s than the ImrrespotKliag solar S/H ratio, 
implying that S is bound in otter molecules. 

Scattergpod ami Owen (1977) consider the composition of the blue-UV "dust" in 
terms of the production of organics by proton bombardment of Hg, CH^ and NH^ mix- 
tures. Their results show that CH.+H. mixtures remain clear but the addition of N 

4 A 

(e.g. NHg) or Si.e.g. , HgS) leads to the production of colorful liquids and solids. None 
has the spectral behavior identical to those shown by the planets jo mixtures would be 
required to explain the haze. As yet, there is no satisfoctory e:q>Ianation for what 
material is causii^ the absorption between 5000-3000 A in Jupiter, Saturn or Titan. 

This remains a major unsolved problem. 


CL977b) models the HgS absorption and finds that a 
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DISCISSION 


J. CALDWELL; Conceniing the coittroversy over ethylene and phosphine at 
10.5 pm, I don't thihk that the observations of Fink and Larson rule out ethylene. If 
ethylene is being seen at that wavelengtli, it's in emission at a ver>' high altitude. And 
if that were true, you would see emission from ethylene on top of any possible absorp- 
tion by phosphine so that, in fact, both observations could be right; they're not 
mutually exclusive. 

L. TR'.FTON: The observations of Fink and Larson show that the phosphine 
is fairly strong, stronger than in Jupiter, so it would also be abso.'bing in the 9 U> 

10 pm region fairly strongly. 

J. CALDWELL; But if ethylene is emitting above that, you see the ethylene. 

G. SISCOE; Do the Copernicus Lyman-alpha measurements give a density 
value or a density limit for the Titan torus ? 

L. TRAFTON: They give an intensity of about 150 Rayleighs for the Titan 
torus. E. Barker (1977) pointed out from OAO data, that uithin ten arc-sec of Titan 
a 39-arc-sec measurement gave about 150 Rayleighs, which would be a limit for their 
detection. And when he looked again, I believe he saw about die same number. 

J. POLLACK; When you speak about the observations of the Titan torus, is 
that a discrete torus ? 

L. TRAFTON: The observations are made through a 39-sec slit superimposed 
over the torus about five or ten-sec away from Titan. I understand there is a problem 
with the geocoronal calibration of atomic hj'drogen data. That lias to be subtracted 
out, and y'ou're subtracting two large numbers which are rollg^Jy equal to each 
and in that circumstance, there can be large uncertainties. It's a difficult problem 
and I think even more observations are needed to convince a majority of the commu- 
nity one way or another whether the hydrogen emission really is present at all, to 
say nothing of the detailed geometry. 

D. Hl'NTEN; You were praising the use of spectral features of comparable 
strengths in getting relative abundances, but there's another important point that I've 
recently become sensitive to; you want comparable physics as well. You don't want 
to compare a pressure-induced feature with a pressure-narrowed feature, for 
example, if you can possibly help it, because every time the physics is different like 
that, you have a different depth weighting in the formation of the spectral teaturc. You 
must go a lot further than just to look for comparable features, and unfortunately, in 
comparing hydrogen and methane, nothing is really comparable. Every time you look 
for a useful pair, you find that the depth weighting is totally different. 

L. TRAFTON: Unfortunately, I have to agree. 
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ABSTRACT 

Spectroscopic and photometric infrared observations of Saturn are re- 
viewed and compared to the expected flux from thermal structure models. 
Large uncertainties exist in the far-infrared measurements, but the avail- 
able data indicate that the effective temperature of the disk of Saturn is 
90 — 5 K. The thermal structure models proposed by Tokunaga and Cess 
and by Gautier et at. (model ~‘N”) agree best with the observations. North- 
South limb scans of Saturn at 10 and 20 |t.it show that the temperature 
inversion is much stronger at the South pcrfar r^ion than at the equator. 


INTRODUCTION 

The importance of infrared observations ^f Saturn in constrainii^ model 
atmosfriieres and identifyii^ trace atmospheric constituents has been recently empha- 
sized by Caldwell (1977). Since Saturn radiates nearly all of its energy at wavelengths 
longer than 10 pm, the infrared spectral region is partioilarly important in establish- 
ing the thermal structure ci Saturn. It is not surprising, therefore, that the increasing 
(]uality and wavelei^;th coverage of infrared observations has been accoinpanied by a 
corresponding increase in die number of thermal structure models. In diis paper, we 
review observations of Saturn in the 8-1000 pm wavelength region and relate these 
dbservations to model atmospheres. In Section II, we summarize ground-based and 
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airborne <^servatlons at Saturn, and we critically examine uncertainties in the 
effective temperature of Saturn. In Secti(»i III, thermal structure models are briefly 
reviewed and compared to the observations. 


THE EFFECTIVE TEMPERATURE OF SATURN 


One of the fundamental input parameters in an interior and atmospheric model 
for Saturn is the effective temperature. This is a particularly difficult quantity to 
measure in the case of Saturn because most of its radiant energy is in the far-infrared, 
a spectral region which is almost totally Inaccessible to ground-based observatories. 
Observations of the brightness temperature of Saturn at wavelengths loiter than 10 pm 
are shown in Tables 1 and 2. Work prior to 1972, not included here, is summarized 
by Newbum and Guilds (1973). The far-infrared observations shown in Table 1 are 
particularly important since Saturn radiates sqiproximately 80% of its energy at 
wavelengttis longer than 30 pm. Unfortunately, the relatively small telescope aperture 

Table 1. Airborne and Balloon Far-Infrared Photometry 


(pm) AX^m) Tg (K) Reference 


— 

30- 45 

84 ± 4 

Armstroig et al. (1972). 

— 

45 - 80 

85 ± 2 

Armstrong ef al. (1972)® 

— 

65 - 110 

89 ± 5 

Armstrong et al. (1972)~ 

— 

125 - 300 

79 ± 4 

Armstrorg et al. (1972)^ 

— 

30 - 300 

85 ± 2 

Armstrong et al. (1972)“ 

— 

45 - 300 

86 ± 2 

Armstrong et al. (1972)“ 

— 

40 - 250 

90 ± 5 

Fazio et al. (1976) 

39 

30- 50 

91.3 ± 2.9 

Loeweristein et al. (1977)^ 

58 

45 - 80 

88. 1 ± 3. 3 

Loewenstein et al. (1977)*^ 

80 

45 - 300 

87. 9 ± 3.4 

Loewenstein et al. ^1977)*^ 

150 

100 - 400 

78.7 ± 3.0 

Loewenstein ?t al. (1977)® 

410 

200 - 700 

95 ± 2 

Loewenstein et al. (1977)® 


^ri^tness temperatures include emission from the rings. Fractional area of 
the riigs was 0. 65 during the Armstrong et al. observations and 0. 55 during 
the Loewenstein et al. observations. 

*^The "reconciled" values given by Wright (1976) are shown here. 

From Tables 2 and 3 in their paper. 
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Table 2. Ground-Based Infrared Photometry‘S 


Oim) AXOim) Tg (K) Reference 


11 

6 

101 ± 3 

Morrison (1974) 

20 

11.5 

92 ± 2 

Morrison (1974) 

20 

11.5 

94 ± 3*^ 

Murphy (1973) 

450 

^300 

205 ± 15® 

Hudson et al. (1974) 

21 

8 

92 a 1.5 

Rieke (1975) 

22.5 

5 

93 ± 1.5 

Rieke (1975) 

33.5 

12 

91 ±2 

Rieke (1975) 

17.8 

1 

92 ±2 

Knacke et al. (1975) 

18.4 

1 

90 ± 2 

Knacke et al. (1975) 

21 

6 

90 ± 2 

Knacke et al. (1975) 

35 

14 

96 ± 6 

Nolt et al. (1977) 

39 

8 

98 ± 2.5 

Nolt et al. (1977) 

17.8 

0.6 

90.3 ± 1.5 

Tokunaga et al. (1978) 

19.8 

1.7 

90. 7x1.7 

Tokunaga el al. (1978) 

22.7 

2.3 

88. 9 ± 1. 9 

Tokunaga et al. (1978) 


^Vith the exception of the measurement by Hudson et a/-, the irfiotometr>’ 
included here have beam sizes which are smaller than the disk of Saturn. 

**Revised value from Nolt et al. (1977). 

^Includes emission from the rings. 

available with aircraft and balloon telescopes has intrinsically large diffraction which 
prevents a measurement of the disk of Saturn independent of its rings. 

The measured far-infrared brightness temperature in Table 1 includes emission 
from both the disk and rings of Saturn. L^ewenstein et ai (1977) find that the effective 
temperature of the disk is approximately 89 K if they assume that the disk and the 
A and B rings have the same brightness temperature. This is approximately consistent 
with the broad-band brightross temperatures of Armstrong etal. (1972)and Fazio et al. 
(1976), and with the ground-based (^servations shown in Table 2. 

Spectroscopic observations of the Saturn- ring s>stem in the 20-110 pm spectral 
range have been made by Erickson et al. (1978) and by Ward (1977). These observations 
are shown in Figures 1 and 2. In order to remove the contribution from the rings, 
both assume ccmstant A and B ring brightness temperatures with wavelength and use the 
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BRIGHTNESS TEMPERATURE, K 



Figunrl. (a) Tht brtghtMen ttmptrjtKn of Mjn 
for Jan. 26. 1976 u gtixn as a fsinaion of 
freqiKm-y m th« sohJamt. The lalstes cakulastd by 
Wright {19~’6i are gnen by she JaiheJ (urte. 
ib> The airrage brightness temperaturrs for Jupiter 
art plotted for eaeh of the four flights. IcI The 
aierage brightness temperatures for Saturn art 
plotted for eaeh of the four flights. {From Ernkson 
et al. I9''8} 



40 50 60 70 80 90 (OO «tO 


WAVELENGTH IN MICRONS 

Figure 2. Flu.x rteritrd from Saturn and iti rings. The solid hne is iht flux lhal uou/J be rtteiied 
from a 92 K hlaek body subtending the same solid angle as Saturn partially ott ulled by the A and B 
rings. (From Vard 197'^) 
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ring optical depths given by Rieke (1975). However, Erickson et ai (1978) usci.1 a ring 
temperature of 89. 3 K, while Ward used 96 K. This gives rise to a discrepancy in the 
effective temperature of Saturn with Erickson et al. (1978) finding = 97 i 3 K but Ward 
obtaining T^ff = 89 ± 3 K. Since both groups observed Saturn in the first half of 1976, 
most of the disagreement in the effective temperature is probably caused by the dif- 
ferent ring temperature used. 

Ward finds the brightness temperature of Saturn, after the ring emission is 
removed, is 65 ± 10 K in the 80-110 pm wavelength range. Such a low brightness 
temperature is inconsistent with the models discussed in the next section, but Ward 
points out that the ring emission could be lower than he assumed if the ring particle 
size were small. In this case, the calculated brightness temperature of Saturn’s disk 
could be raised. It is also possible that Mars. Ward's calibration source, ma^ deviate 
from the assumed brightness temperature as predicted by Wright (1976). This possi- 
bility is raised by Erickson et al. who find that the brightness temperature of Mars 
disagrees with Wright's model at wavelengths longer than 50pm. The increasing 
orightness temperature of Mars observed by Erickson et ai, at the longer wavelengths 
could partly explain the low brightness temperature ol Saturn found by Ward. The 
validity ol using Mars as a tar-infrared calibration standard is clearly subject to 
question at the present time. 

Since the ring contribution to the observed far-infrared flux is considerable, it 
is necessary to consider the risks involved in assuming a ring brightness equal to the 
disk. At the time near maximum ring tilt. Rieke (1975) found equal disk and ring 
brightness temperatures in the 20-34 pm spectral range, but recent observations of the 
rings show changes in the A, B, and C ring brightness temperature (Nolt et ai , 1978). 

We expect, therefore, that the assumption ol equal ring and disk bi-ightness tempera- 
tures to be valid only near the time of maximum ring tilt. In addition, the C ring 
appears to be bright in the infrared. Observations of the rings by Murphy (1973), 

Rieke (1975), and Nolt et ai (1978) find that the emission from the C ring is substantial, 
although Morrison (1974) did not detect it. We must therefore view with caution any 
correction tor the ring emission at far-infrared wavelengths. 

The elfective temperature ol Saturn is more difficult to extract from the shorter 
wavelength infrared data shown in Table 2. In the S-14 pm spectral region, the 
continuum is greatly affected by CH^ and emission, NH^ ice absorption, and other 

not yet positively identified minor constituents (Caldwell 1977, Gillett and Forrest 
1974). In the 17-25pm spectral range, tne temperature Inversion contributes 


57 



significaiitly to the observed fiux (as shown in the next section). We are therefore 
compelled to use far- infrared data in order to dbtain the effective temperature of 
Saturn. Any atmospheric model for Saturn, however, should be consistent with the 
data In Table 2. 

We conclude from the available far-infrared data that the effective temperature 
of Saturn is 90 ± 5 K. For an equilibrium temperature of 76 K (EUeke 1975, Erickson 
et al. 1978), the ratio of emitted to absorbed power is in tlie range 1.6 - 2.4. Obviously 
more observations are necessary, and we expect that far-infrared observations in 1980, 
when the rings are edge- on, will provide a good value for the effective temperature. The 
largest experimental uncertainty will likely be in the absolute calibration. 


MODEL ATMOSPHERES 

We know relatively little about the thermal structure of Saturn's atmosphere 
compared to the Jovian atmosphere. Since Trafton (1967) first constructed a model 
atmosphere for Saturn, six other atmospheric models have been proposed - all witliin 
the last five years. In this section, we review ihc properties ot these models and 
compare them to observations in the infrared. 

The 8-14 jum spectrum of Saturn is shown in Figure 3 (Gilletr and Forrest,1974). 
The emission peaks at 7.9 and 12.2 pm are produced by emission from methane and 
ethane in a temperature inversion region. Scans across the disk ol Saturn in the ethane 
emission band (Gillett and Orton 1975) show equatorial limb brightening and an 
intensity enhancement at the South pole wliich is consistent with a temperature inversion. 
Saturn is not unusual in ha\dng a temperature inversion since a temperature iincrsion 
in the Jovian atmosphere has been firmly established (Gillet., Low, and Stein 1969, 
Gillett and Westphal 1973, Ridgway 1974) and strong evidence tor a temperature 
inversion has been found on Titan and Neptune (Gillett 1975, Mac\ and Simon 1977. 
and Gillett and Rieke 1977). In this paper, we assume that the absorption ol solar 
radiation by aerosols and methane in the upper atmospltere is sufticieni to power the 
temperature inversion (Gillett, Ix)w, and Stein 1969, Wallace et al. , 1974, 

Caldwell 1977). 

Atmospheric models bv Wallace (197.5), Caldwell (1977), lOKunaga ami ss 
(1977), and Gautier et al. (1977) have incorporated a temperature in\ersion, and 
these models are shown in Figure 4. The models bv Cess and Klietan (1973) and by 
Encrenaz and Combes (1977) are similar to ihe Wallace (1975) model l)clow tite 
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Figun 3. Surfaa brightntu of Saturn mtus waveltuffb. Also 
shown art the lotatiom tf the Q-hranches of the band ef NHy and 
the Pi and bands of PHy. (From Gillett and Forrest, 1974) 



TEMPERATURE, K 


Figure 4. Thermal structsrrt models for Saturn. Toe muOel for 
Tokunaga and Cess corresponds to the model in their Figure 4 (j = 
C 2 and fE~^^ 10~*). The Gautier et al. model shown is their 
mode' N. 
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temperature minimum, but both models have a weaker temperature Inversion (see 
Figure 1 of Encrenaz and Combes, 1977). The discussion of the Wallace model in this 
section will apply equally well to the Cess and Khetan and to the Encrenaz and Combes 
model. All the models, with the exception of the Wallace and the Gautier et al. models, 
have an effective temperature which Is consistent with the far-infrared data discussed 
in the previous section. In Figure 4, It is evident that the models agree to i:10 K at 
any pressure level below the temperature minimum, but they are very discrepant In 
the temperature Inversion region. 

Some of the models have been compared to the far-infrared data by Erickson 
et al. (1978), as shown in Figure 5. The Tokunaga and Cess model provides a good 
fit throughout with a ring temperature of 89. 3 K, and the Wallace model can also 
provide as good a fit with a higher ring temperature. The 20 ixm center of disk 
measurements in Table 2, however, are not consistent with the Wallace model. These 
results depend on a imiform ring brightness temperature at all wavelengths - an 
assumption which may not be valid at the longer wavelengths (Ward 1977). It is 
important to note that the observations by Erickson cf al. and by Ward probe to the 
0.6 - 0.8 atm level in the 50-100 nm spectral range. Encrenaz and Combes (1977) 
show that observations of the continuum at wavelengths longer than 100 pm can test 
thermal structure models at higher pressures in the convective region, since the 
ammonia opacity is much reduced compared to Jupiter. The effect of clouds nr • be a 
serious obstacle, however. 

In Figure 6, the Wallace, Caldwell, and Tokunaga and Cess models are com- 
pared to spectroscopic observations in the 17-25 pm spectral region. Observations at 
these wavelengths can distinguish between the various models of the temperature 
inversion since optical depth 1 is reached slightly below the temperature minimum. 

The Wallace model has a temperature inversion which is too cold, while the Caldwell 
model is too warm. In the latter model, the S(0) and S(l) pressure-induced 
rotational lines of molecular hydrogen appear slightly in emission. The Tokunaga and 
Cess model provides a reasonable fit to the data, and the Gautier et al. model "N" 
also fits well (see Figure 3 of their paper). The Trafton (1967) model lacks a tempera- 
ture inversion, and its predicted spectrum is simila.* to the Wallace model. A compari- 
son of the Tokunaga and Cess model to part of the data given in Table 2 is shown in 
Figure 7. This model agrees to witliin several standard deviations with all the disk- 
resolved data in the 13-40 pm spectral region. 
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FREQUENCY (cm ’) 


Figure 3 . Coutparisau of observed far-infrgnd brightness of Saturn and its 

rings with modd predictions. (From Erickson ec ai., 1978) 



Wavenumber, cm*' 


Figure 6. Comparism of the nu. ’.7 fuH-disk intensities with the sf ctroscopic data 
of Tokunaga et al. 11977). {“Present profile" refers to the Tokuuaga and Cess 
model.) (From Tokunaga and Cess, 1977) 
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The atmospheric models can also be tested by limb scans in the inCrared. 

Caldwell et aL (1978) compare eqoatorial limb scans at tiiree wavelengths in the 
17-25 ;im spectral region to the model predictions, and the results are shown in Fig- 
ures 8, 9, and 10. The beam profile determined fay Molt et eL (1978) was used to pro- 
duce the predicted limb emission profile. As a figure erf merit, the deviation of toe 
model predictians frtm the observed profile was computed and is shown in Table 3. 
Within toe uncertainties in the beam profile, both toe Tokunaga and Cess model and 
Ganfier et al mottel "N" provide a good fit to toe limb scans. The otoer moctels differ 
significantly from toe observed limb profile. 

We now review the evidence for differmic^ in the thermal strucu.re between 
the equatorial aid the South polar region. Nortb-Sodh eimns of the todi of Saturn at 
12 and 20pm have shown an intmisity enhancement at tim Sooth polar region (Glllett 
and Orton, 1975; Riete, 1975; Tdtunaga ettd., 1978) and this effect is illnstrated in 

Figure 11. The scans in the mmhane and ethane mnissiem ban& (at 7. 9 and 12.2 pm) 
diow an intensity eitoancemexrf at the South pole, but toe scans in toe contimium (at 11. 14 
and 13.31 pm) show mudi less limb bri^tening. There aiqsears to be a sli^t amount 
of polar limb brightenii^ at 13. 31 pm, but it is not clear whetoer tois results from 
molecular hydrogen or acetylene emission. The 12. 2 pm scan is similar to toe 12 pm 
scans obtained by Gillett and Orton (1975) and Ri^e (1975). 

The 7.9 pm scan suggests that the enhanced polar emission is mostly the result 
of a hotter inversior since we expect methane to be uniformly mixed over the disk of 
Saturn. Scans obtained in the molecular hydrogen continuum indicate that the 
temperature inversion is indeed hotter at the South polar region. As shown in Figure 12, 
tlm strongest limb brightening occurs at 17.8 pm, thewavelengcfa which is closest to the 
maximum in the molecular hydrogen opacity. The degree of polar limb brightening 
can be jtuiged by comparing Figure 12 with equatorial scans shown in Figures 8, 9, 
and 10. 

Tokunaga et oL (1978) proposed a model for the South pole which was constructed 
in a similar fashion to toe model by Tokunaga and Cess (1977). but it includes the 
higher acceleratiou of gravity at the pole and the increased value for the diumally- 
averaged in»>latfoo. In Figure 13, we show the South pole model along with an 
equatorial model and the Tokunaga a>ui Cess model for comparison. Note that the 
Tokunaga and Cess model is a global mo:' ' since a diumally-averaged insolation over 
all latitudes was used (for a Sacum-Sun distance ot 9. 5 AU). The equatorial model 
uses a diumally-averaged insolation for the Saturnian equator at the time of the 
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Table 3. Center Ui Limb DrightncsB Variations 
(from Caldwell et al., 1976) 


( 1 ) 


Wavelength 


17. 8pim 


Fraction of 
Itadlus from Center 

0.6 

0.8 

0.05 

0.6 

Tokunaga and 
Cess (1977) 

-0.8 

+2.2 

+0.4 

-2.3 

N<2) 

>0.4 

+5.5 

+ 5.7 

-2.4 

C 

0.0 

+2.8 

-0.1 

+3.7 

w 

+4.5 

+ 16.7 

+23. 0 

-7.9 

N» 

-1.3 

-6.3 

-21.3 

+7.5 

C 

+6.5 

+23.4 

+36.9 

+3.2 

W’ 

-1.2 

-9.4 

-19.2 

+7.3 

Wallace (1975) 

-9.8 

-19.7 

-33.0 

-5.9 

Caldwell (1977) 

+14.4 

+42.6 

+65.9 

+9.6 


19.7>im 22. Turn RAfS 


0.8 

0.95 

0.6 

0.8 

0.95 


-2.0 

+6.1 

+3.3 

+3.7 

+4.7 

J.32 

-1.4 

+8.4 

+3.6 

+7.4 

+7.6 

5.44 

+8.4 

+19.8 

+6.4 

+10.9 

r9.6 

9.04 

-7.4 

+5.8 

+2.9 

+10.8 

+16.8 

12.4 

+8.9 

+17.9 

+8.7 

+8. 0 

+3.6 

11.7 

+ 12.0 

+34.2 

+6.6 

+ 15.8 

+23.1 

23. 1 

+12. 1 

+20.3 

+8.7 

+11.5 

+6.8 

12.1 

-13.1 

-16.0 

-1.4 

-6.6 

-16.6 

16. 1 

+ 32.2 

+76.8 

+12.7 

+33.2 

+53.8 

43.9 


(1) [(Computed-Observed)/Ob86rved] x 100 

(2) Models by Gautier et al. (1977). 
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observations (9. 14 A U). The South pole and equatorial models therefore have hotter 
temperature inversions than the global model of Tokum^ and Cess. The differences 
between the equator al and global models are not large enough to affect the results 
<4>ta{ned by Caldwell et al. (1978) as discussed earlier in this secticm. 

A comparison between the predicted and observed brightness temperature for the 
South pole is shown in Figure 14. While the South pole model predicts a greater bright- 
ness temperature than is obser^'ed, this is partly a result of the relatively large 
telescope beam used (3.5 arc sec) which includes emission over a range of latitiaie. 
Tokunaga et oL (1978) find that at a latitude of -70° (corresponding to a distance from the 
pole equal to the radius of the beam), the computed temperature inversion is uniformly 
3 K colder than the South pole model. From this result, roughly one-half of the bright- 
ness temperature discrepancy between the South pole model and the observations can be 
ascribed to beam-size effects. The South pole model appears to overestimate the heating 
by methane and aerosols. Ibis result suggests that the stronger temperature inversion 
at the South pole could be powered with somewbat less than "normal" concentration of 
UV-absorbing aerosols. 

We conclude that: (1) recent observational tests in the infrared favor the 
Tokunaga and Cess model and the Gautier et al. model "N", and (2) the South polar region 
has a stronger temperature inversion ihan the equatorial region. We expect that die 
intensity enhancement at the South pole to greatly diminish in the next few years as it 
tilts away from the Sun. 

SUMMARY 

In spite Oi the increasii^ quality of far-infrared data, the effective temperature 
of Saturn is not well knoivn. Large uncertainties exist in the correction for the ring 
emission and in the absolute calibration. The far-infrared spectrum of Mars, the 
primary standard for most far-infrarec observations, has only recently been measured, 
and more work on far- infrared calibration sources is necessary. The available far- 
infrared data indicates that the effective temperature of the disk of Saturn is 90 j; 5 K. 

Current thermal structure models of Saturn are roughly similar in the lower 
atmosphere below the temperature inversion, but they differ greafly in the temperature 
inversion region. Ground-based observations in the 17-25 pm spectral region favor the 
Tokunaga and Cess (1977) model and the Gautier et al. (1977) model "N". There is 
greater uncertainty lu the thermal structure below the temperature minimum, but 
observations at wavelengths longer than 40 pm can help to constrain models down to the 
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cloud deck. Strong differences exist between tne temperature inversion in the 
equatorial and the South polar regions. There are several possible ways to explain 
this effect, and more data concerning t!te deposition of solar radiation in the upper 
atmosphere is required. 
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DISCUSSION 


G. ORTON: Do you have^iny estimate for the effects of this rather high and 
proportionately very pervasive }.aze (assumed to be ammonia) in the wavelengths 
you've been looking at? j 

It is a verv effective a&sorber and scatterer in cextain areas of the 8 to 14 ura 

f 

region, over and above amm-Snia vapor absorption. One of my greatest concerns 
for Voyager is, what is the./feffect of the phenomena going to be in the far infrared w4iich 
is really where we would hike to get most thermal structure information, hydrogen/ 
helium ratio, etc. 

A. TOKUNAGAr We haven’t addressed that question. In the 20-pm region, we 
don't think we see deep enough in the atmosphei'e of Saturn for ammonia ice opacity to 
affect our results. 

J. CALDWELL: Optical depths in the 20-pm region at the ammonia haze level 
are at least 3 and typically 10 or more, at least in our model. At 17.8 pm, they're 
of the order of 10, so you're not seeing the effects of the haze. At very much longer 
wa ugths, of the order of 40 pm, it's entirely possible that on Saturn ammonia haze 
is a very strong contributor to the opacity. That may well foul up remote observations. 

G. ORTON: I'd like to comment on the fact that we w'ould expect to see large 
variations in the thermal structure, both at the equator and the pole, because of 
Saturn's lai'ge. obliquity and the variation in insolation with time. We would like to see 
what sort of changes take place, what sort of equilibrium is taking place, as the insola- 
tion varies. I can say that in the 12-pm area, comparing observations made last year 
and this year, there is less limb brightening at the South Pole in the 12. 2-pm region. 

A, TOKUNAGA: We have somewiiat contradictory information on that point in 
that we made another 12-pm scan a few weeks ago but xvith a smaller aperture. The 
brightening is about the same as you see it here. This w’as done a year ago. March 
of 1977. 

J. CALDWELL; Orton is right that there are large, strong seasonal effects 
present. There's no indication yet of limb brightening at any wavelength in the 
northern hemisphere, while there's very strong limb brightening In the southern 
hemisphere that varies with position. 
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J. POLI^ACK: A lot of the far infrared observations that you show have been 
calibrated on Mars, which has become a popular standard in recent years, and 
particularly a lot of it has been based on very nice work by Wri^t (1976, Astrophys. J. 

210, p. 250). Unfortunatel 3 ', there may be a problem since Wright and others assumed 
that except at times of great dust storms, the atmosphere of Mars w'as essentially clear 
of dust. We now know from Viking that there is no time of the year in which that 
assumption can effectively be made, and that has two implications for Mars as a calibra- 
tion standard in the infrared: (1) The effect of dust in the atmosphere is to reduce the 
ground temperature during the daytime, and that's the side that you see when you use 
Mars as a calibration standard. (2) The dust has significant optical depth at, say 20 pm, 
and will tail off at longer wavelengths, so there is a potential wavelength dependence of 
brightness temperature as well. I wouldn't rule Mars out as a calibration source, but 
I think it's going to be a lot harder to standardize. 

J. CALDWELL: 1 think Alan Tokunaga is being a bit modest in assessing the 
various Saturn models. In Figure 4, the power of the limb scans is sufficient to 
differentiate between the two in the middle, and, in fact, Tokuns^ and Cess are about 
twice as good as Gautier et a/., and in my judgment that is significant. These earlier 
models, including my own, were done without the Umb scans. I don't think the varieiy 
you see really represents the uncertainty we now have in the models. 

A. TO.<UNAGA: In the 17 to 25 pm spectral region we're probing 0.2 atmo- 
sphere to about 0. 05 atmosphere. We don’t have very strong constraints either above 
or below that region. Observati<sjs in the methane band which would be sensitive to 
liigher altitudes would be important, and with longer wavelor^th observations, longer 
than 40 pm, we can probe to lower altitudes. 

G. ORTON: What is needed to determine a thermal methane/hydre^en ratio? 

Can we ever get chservations far enough out in the wings of the S pm methane band, for 
example, to probe the same depth that can be reached in the H 2 continuum? Limb scans 
might be a particularly good way to relate these two opacity sources. 

J. CALDWELL: If you get too far out on the wings of the methane band you also 
run into CH-D opacity. 

O 
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ABSTRACT 

In this brief o\erv icw, the state of our current know ledge of the properties 
of the ring system as a whole, and of the particles individually, is assessed. 
Mt>re detailed review papers are tited for farther discussion and attention 
is primarih devoted to recent results and possibilities for exploration of 
the ring system by a Saturn orbiter. In particular, the infrared and 
microwave propenies of the ring system are discusseti. T he behavior of the 
ring brightness is not well understotxl in the critical transition spectral 
region from " 100 pim to ~ 1 cm. Also, the d>namical behavior of the ring 
system is discussed. Recent theoretical studies show that ongoing dy- 
namical effets ctintinually affect the ring structure in azimuth (possibly- 
producing the A ring brightness asymmetry) and in the vertical direction 
(possibly preventing the rings from flattening to a monolayer). 

Orbital spacecraft-based studies «>f the rings will offer several unique 
advantages and impact impM>rtant cosmogonical questions. Bistatic radar 
studies and milhmeter-wavelength spectrometry/radiometry will give us 
the panicle size and composition limits needed to resolve the question of 
the density if the rings, and provide important boundary conditions on the 
state of Saturn's protoplanetary nebula near the time of planetary 
formation. 

Detailed study of the radial structuie of the rings near resonance ’‘gaps” 
will shed light on the whole question of ring formation and in a larger 
sense on plarietaiy formation as influenced by dynamical effects. The 
recent discovery ot the rings of Dranus further motivates such dynamical 
studies. Topics which would benefit from further study, either from 
.spacecra.*t or Irorn Earth, are noted. 
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I. INTRODUCTION 


Due tc their great beautj- and uniqueness, the rings of Saturn have been studied 
as much or peihaps more in the past than Saturn itself. Their scientific importance is 
in fact also quite gi’eat. Trapped within the Roche limit of Saturn by the gravitational 
perturbations of the satellite Mimas, the ring particles have been unable either to 
escape or to accrete into a large body. Thus, if the rings formed in their current 
place, they represent a practically untouched remnant of the protoplanetary nebula, a 
direct condensate unaffected by thermal, chemical, or impact metamri*phosis. How- 
ever, it is also possible that the rings formed through tidal breakup of a pre-existing 
comet or satellite. Knowledge of the size distribution and bulk composition of these 
particles cojld permit final discrimination between these two origin h 3 rpotheses. For 
instance, the existence or absence of kilometer- sized "particles" would permit or 
disprove the breakup h 3 rpothesis. E^en the bulk composition of the particles has not 
been definitely established. Current work indicates that cosmogonically plentiful ices 
could compose the bulk of the ring material. However, fairly pure metal may not as 
yet be niled out. Thus, study of the rii^s could provide valuable constraints on 
theories of Solar Svstem origin and evolution. In Section II the global structure of the 
rings (radial, vertical, azimuthal) is reviewed. In Section HI current knowledge of 
particle size and composition is discussed. In Section IV likely advances due to 
Pioneer, Voyager, and interim Earth-based studies are mentioned. In Se''tion V, 
important scientific questions wiU be presented which are appropriate for study by 

9 

SOP . This brief paper will only touch the surface of existing research on Saturn's 
rings. For further background, the reader is referred to review papers by Bobrov 
(1970) Cook, Franklin, and Palluconi (1973), and Pollack (1975). 

II. OVERALL PHYSICAL STRUCTURE OF THE RING SYSTEM 
Radial Structure 

The ring system exhibits obvious radial structure which has evolved a particular 
nomenclature. Currently accepted values for, and uncertainties in, ring element 
boundaries are give r along with standard nomenclature in Table 1. Below we discuss 
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Table 1. Ring Element BounoHries (After Cook et al., 1973) 


King Region 

Radius <km; 

Boundaries 

Pianetarj' (Equatorial) 
Radii* 

Arc sec at 9.5388 AU 

.A Outer 

137,400 i 70y (est) 

2.29 

19. ”>2 ' 2 - 0 . 1" (est) 

A Inner 

121,800 ± 700 

2.03 

17. 57" iO. 1" (est) 

Cassini 

Division: Width 

4,800 ^ 7C„ 

0.08 

0. 7" 

B Outer 

ii’i.ooo ^ ;oo 

1.96 

16. -37 2:0. 1" (est) 

b Inner 

91, 800 - 700 

i.53 

13.21 2 0 . 1 ' (est) 

C Inner 

72,600 ^ 1,400 

1.21 

10.5 2:0.2" 


= S.65" ^0.02 at 3.538S ' 'Cook etai. *373) 

= 6 X km {Dollfus 1970) 


the radial sti'ucture in some di-iail and then review ctrrently accepted values for 
cptica! depth of the rings r.. visible v.avelengths as a function of radial distance. 

1. Mechanisms governing radial structure. 

The niost likely explanation for the radial structure of the ring is that 
it arises from ute effects of gx'avitationalh' induced perturbations in ring 
particle orbits which lie near commensurability vith Mimas, one of 
Saturn's smaller satellites (see, c. g. , Franklin and Colombo, 1970). 

Tht perturtation characte»“iz\ig commensv.rab’lity increases the eccen- 
tricity of the "resonant" particle until a collision removes the particle 
from the resor ..it orbit, 'inus such commensurate orbits are unstc .jle. 
This simple explanation serves very well to explain the inner and outer 
boundaries :f the "ing system. Given that only empty space exists beyond 
the resonance in either case, the collision which removes the particle 
from its unstable orbit i? most likoly to be with another par+icle within the 
rings nrd in such a case the final orbit will be more likely within the ring 
bounoery tuan beyond the ring boundary. In this way the resonances are 
seen 1 ) present at least partially effective barriers to mass flow. The 
inner edge c f the B ring, inner edp> of Cassini’s division, and the outer 
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edge of the A rLtg represent such unstable orbits with periods equal to 
1/3, 1/2, and 2/3 of the period of Mimas, respectively. The real radial 
brightness distributicm is, of course, more complex (see Rgure 1). 
However, the [ucture is more comidex regarding the widths of die 
resonances. 


2. Gaps wiHiin tiie rings 

It has been rec«ifly realised (Greenberg and Fran&Hn 1977) that dm above 
mechanism will "clear out" only a region of radial ^'xtent^SP kr?, i iuch 
less than the observed widdi of die Cassini division (see Table 1'. 

Particles moving under the resonance, but more than ~ 30 km distant hx>m 
it, do so "in phase" in their orbits and do not collide. Several mechanisms 

t 

have beoi proposed to eiqilain the (diserved width. Goldreich and 
Tremaine (1978) suggest diat a density wave, induced at the resmiances,. 
travels outward and decreases the an gular momentum of particle in a 
range which agrees well with the width oi Cassini’s divisimi. Cook (197d) 
suggests th'^t the system is evolving radially outwards, due possibly to 
m^netic or gaseous drag. High-quality observations near the edges of 
all die resonaimes and widiin Cassini's division will be necessary to su^ly 
fiirdier constraints <m these hypotheses. 

3. Optical d^ths in the rings 

The optical d^ith, r^, provides an important boundary conditicm relating 
particle volume densities to particle sizes. By definition. 


= [j n(r, z) V r^drdz 


where r is particle radius and n(r, z) is volume density. The normal 
optical depth of the rings, t^, varies significantiy with radial distance 
from the planet. Values of have been obtained by two general methods: 
transr.jission of light through the rings (Ity^ns ' ^inc ® ®), where 0 
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DISTANCE FROM SATURN (MIMAS *1.00) 

.35 .45 .55 .65 .75 



C B A 


Figare I. Brightmtts a/ tht ’'ing tytltmat u famtiaa of radial Jnijitit from tht cenltrtf Saturn 

a! 10 AU (Doll/as 19W). 


is the angle from the ring normal, and reflecticm of light from the rings. 
The former method is more direct as fewer assumptions about the ring 
structure, particle albedos, and phase functions are required. Howe' 3r, 
most quoted values have been obtained from the latter method, in which a 
simple scattering-layer model is used to calculate reflected brightness. 
Using the variation of brightness with tilt angle, one solves for both a 
particle albedo and local optical depth. Uncertainties in the optical depths 
so obtained may be quite large and the values themselves may be system- 
atically low (Pollack, 1975; Cuzzi and Pollack 1978), Best current values 
for optical depth as a function of radial position are given in Figure 2 
along with their sources and likely uncertainties. The optical depth of the 
Cassini Division is highly imcertain due to the many difficult and important 
corrections which must be applied to observations (smeailng, scattered 
light, etc. ) These values are azimuthal averages. Azimuthal variations 
are discussed below. 
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Figure 2. A (»mfaruM «/ iorral ctf/nuA' e/ the optical thukaat of the nmgt as a fmamm of 
radial distance. 


Vertical and Azimuthal Structure 

The vertical and azimuthal structure are related in that they both deal '.dth the 
local '’internal" structure of the rings; that is, whether the rings are one particle thick 
(a "mOTiolayer") or are many particles thick. 

Perhaps the most significant observaticm co- 'straining this question is the phase 
effect of the rings (see Figure 3). The net • .crease in brightness (about a factor of 
two) over 6" of dbservable phase is similar in magnitude to the lunar opposition 
brightening. Both arise from the fact that shadowing of particles in the lit surface by 
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each other ceases rapidly as the directions to Sun and Earth become coimrident at zero 

degi-ees phase angle. Detailed analyses of the effect for the rings (Irvine 1966, 

-2 

Bobrov 1970, Kawata and Irvine 1974) yield a volume density of particles ~ 10 to 10 ‘ 
in a many-particle thick ring (see Figui'e 4), far lower than the lunar soil volume 
densit\' (llamecn-Anttila and Vaaraniemi 1975) and characterizing a layer containing 
particles which are separated by many times their own radius. 

Entil recently, djTiamical arguments (Jeffreys 1947) indicated that inter- 
particl*' collisions would cause the rings to flatten and spread to a monolayer. This 
would require the opposition effect to arise from surface micros true cure. However, 



Fl}^3n .*rtc tor Sjtirn'y B ring ihuittttg rtUtti* brigNmui. 

;n wtiigmtuJt uniH. a< j funetton tf pKiu jtsgU. /« Jrgrny. From 
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recent studies of energy sources within the ring system (ditfermitial rotaticm, Mimas) 
indicate that a finite thickness may be maintained (Brahic, 1977; Goldreich and 
Tremaine, 1978a; Cuzzi etoL. 1978). The characteristic thickness is <m the onter oi a 
few times the size oi the largest particles. Should the rings also inclu^ a substantial 
number of much smaller particles, they would be "many particles thick. " We return 
to this in Section in. In addition, other natural hi^i-albedo surfaces (e. g. , tiie Galilean 
satellites) show much less dramatic c^iposition effects (see Figure 5) tiu' do tiie rings. 
The opposition effect for tiiese objects, doe to eurface microstructure, is probably 
smaller due to particle transparency and multiple scattering. Tlirae, as well as other 
such observations, such as the color dq>midm)ce of the opposition effect and oi polari- 
zaticm, favor tiie many-particle>thick hypotiiesis sligd>tly over the monolayer 
Iqrpothesis (Pollack 1975). 

The abscdute ihickness of the rings has not been observctimally established. 
Observations at die time when the rings appeared edge on (Focas and DoUlus, 1969; 
Kiladze, 1969; Bobrov, 1970) have bemi recently re-analyzed (Lumme and Irvine, 1977) 
with die result that they appear to give only an upper limit of 3 km tull thickness. Hie 
true thickness characterizing macr<»c(^ic particles is almost certainly two orders of 
magnitude smaller, if the rings are of the age of die solar system (Brahic, 1977; 
Goldreidi & Tremaine, 1978a; Cuzzi etoL. 1978). However, radiation pressure could 
cause micron-sized {mrticles to have vertical excursions as large as a kilometer 
(V'^aaraniemi, 1973). 

The rings present an interesting envircmment for horizontal structural varia- 
tions as well. Gravitational perturbations by Sa^’'^l's satellites will theoretically 
produce a ripple, or wave, with largest components due to Titan, the Sur . Tetfays and 
Mimas. Orbiting particles will attain vertical excursions as large as ~ 10 m or so, 
adjacent particles moving coherently in "roller-coaster' ' tashitm (Bums etal., 1978). 

In additicm it has been recently cmifirmed b^* several groups (Lumme and 
Irvine 1976; Reitsema, Beebe, and Smith, 1976) tiiat Saturn's A ring exhibits azimuthal 
variations in brightness (see Figure 6). The amplitude of the effect is ~ 10% at 
maximum ring opening (26”) and increases slightly (to 15%) as the rings close to 16” 
(Lumme et al„ 1977). The "sign" of the effect (bright quadrants precede conjunctions) 
is not related to the position of the Sun or Earth, but the amplitude of the ^ect 
decreases at opposition (Lumme et al . , 1977). The effect is not shown by the B ring. 
Two classes of hypotheses have been advanced to account for the effect. One class 
invokes some use of large, synchronously rotating bodies which are either elongated or 
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asymmetrically reflective (Lumme and Irvine 1976, Reitscma et al. , 197G). The other 
class invokes transient, gravitationally induced, "clumping” of swarms of small 
particles in trailing "wakes" (e.g. , Colombo, et al. , 1977). The predominance of 
very large (manj'-meter) particles in the rings is not in good agreement %vith micro- 
wave results discussed in Section HI. Therefore some variant of the "clumping" 
hypothesis is favored. 


Summarj' 

The radial structure of the rings is determined primarily by orbital resonances 
with Mimas. The width of the Cassini Division is not completely understood, but may 
reflect the presence of a density w’ave driven b 3 ’- Mimas. The large opposition effect 
of the rings and other optical effects continue to favor tlie hypothesis tl.al the rings are 
many particles thick, although some contribution from surface microstiaicture 
undoubtedly does exist. Eijaiamical arguments, including likely sources of particle 
random motions, are now apparently consistent with the many-particle-thick idea as 
well. However, the true "thickness" may in fact be no more than some tens of meters. 
A monolayer hypothesis would impty that the individual "particles" are i.^any meters in 
size anci at least in the A ring, in synchronous rotation. 


m. RING PARTICLE PROPERTIES 

A full treatment of the great quantity of material dealing with particle 
properties such as narrowband and broadband geometric albedo, phase function, 
surface vs. bulk compo- itinn. and particle size is beyond the scope of this sum.mary. 
In this article only a biicf i * view of knoum or inferred particle properties is given. 
The reader is referred to review articles by Cook, Franltlin, and Palluconi (197.31, 
and Pollack (197.5) for fuller details ot the obser\-ations and their significance. 


Particle Albedos and Temperatures 
1. Albedos. 

The particle albedos (3^^) must be obtained simultanenuslv with ring optical 
depths b\' solving the multiple scattering problem and matching data such 
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as the phase variation, tilt variation, and absolute value of the ring 
reflectivity. Many authors have approached this problem, usually by 
assuming isotropic scattering. The most sophisticated recent analyses, 
which include the use of both isotropic and anisotropic scattering phase 
functions, indicate that isotropic scattering is not consistent with the data 
(Kawata and Irvine, 1974, 1975; Esposito and Lumme, 1977). F*article 
albedos obtained in these analyses are shown for the brightest parts of the 
A and B riugs in Table 2. The best-fit pliace function is somewhat, but not 
strongly, backscattering, with derived values of the phase integral g 
ranging from ->0.9 to 1.6 (Lumme and Irvine, 1976; Esposito and Lumme, 
1977). This value represents a surface intermediate between a Lambert 
surface and the lunar surface in degree of backscattering, similar to the 
characteristics of typical snowbanks (Veverka, 1970). The large range of 
allowed values of g and is due in part to the very small range of 
observable p’.iase angles. 

2. Particle temperatures. 

Thermal balance calculations giving the physical temperature of the ring 
{articles are quite complex in the case of the rings because of: (a) The 
gradient in insolation w’ith optical de{)th in the rings and the associated 
diffuse radiation; (b) Heating of {articles by the infrared emission of other 
{articles; and (c) Heating of {articles by emission from Saturn. In addition, 
the variation of (a) with ring tilt angle must be considered. These calcula- 
tions have been carried out by Kawata and Irvine (1975), for likely upper 
and lower limits of bolometric Bond albedo Ag = 0. 54 and 0. 38 respec- 
tively. In addition to the uncertainties in Bond albedos at blue and visual 
wavelengths mentioned above, the targe unjertainty in albedo from 
0. 7-1. 1 pm wavelengths leaves the bolometric Bond albedo quite uncertain. 
The results (see Figure 7) are giX>ssly consistent wi^h thermal infrared 
observations (see Table 3 arvt Morrisor, 1976) but, for the more realistic 

case A_~0.5, calculated temperatures are somewnat lower than recent 
15 

observations. More study and better observations of the *•* gs over a wider 
range of wavelengths and phase angles (i. e. from an orbiter) could help 
greatly tc resolve this ap{)arent di£.crei»ancy. 
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Table 2. Albedos at the Brightest Part of Each Ring Element 


Ela^nt B>dWRE 

X 

P 

q 


Source 

A 2.10 

V 

1.1 

0. 57* 

0.63 

Cook et at., 
1973 


V 

0.48-0.01 

1. 57 

0.75-0.95 

Esposito & 
Lumme, 1977 


V 

0.72 ± 0.05 

1.0-1. 5 

0. 5-1.0 

Lumme & 
Irvine, 1976 


V 

— 

— 

0.75 

Kawata & 
Irvine, 1976 


V 

0.64 ± 0.04 

1.0-1. 5 

0. 8-1.0 

Lumme & 
Irvine, 1976 

B 1.85 

V 

1.1 

0.57* 

0.63 

Cook et al, 
1973 


V 

0.51-0.61 

1.57 

80-0. 95 

Espo.sito & 
Lumme, 1977 


B 

0. 86 

0.57* 

0.49 

Cook et al., 
1973 


B 



— — — 

0.48 

Kawata & 
Irvine, 1975 

♦Assumed value 







Spectral Observ'^ations and Compositional Implications 

Water ice was first identified in the rings by Pilcher et al. (1970), and Kuiper 
et al. (1970) using 1-3 pm spectroscopy (see Figure 8). The shapes of the spectral 
features in this region vary both with temperature (Kieffer 1974, Fink and Larson 
1975) and particle size (Pollack et al. , 1973). Pollack et al. 1973, used this effect to infer 
the grain size of the ice particles doing the absorbing to be ~ 30-40 pm (see P’igure 9). 

As discussed in section C below, this is probably the size of individual grains on the 
surfaces of much larger particles. The variation of ring reflectivity over the entire 
visible-near IR range, however, (Lebofsky et al., 1970), is not consistent with a pure 
water ice composition, which would have constant reflectivity in the 0. 3-1.0 pm 
region. In fact, the spectral reflectivity of the rings (see Figure 10) closely resem- 
bles that of Jupite 's innermost (and highly reddened) satellite lo (Johnson and McCord, 
1970) in overall behavior. The spectra of the A and B rings are quite similar. This 
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.2 .3 

ju = sin B 


Figure 7 . CaUulattd infrared brightness of Saturn's B ring as a funclion of ring till angle for two choices 
of particle Bolometnc albedo, from Kawata and Irvine i 197'>). Obseiralmns from Table are plotted, 
normaliied to a beliocentric distance of 9.0 .\U. 
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Table 3. Observations of the Brightness Temperature of the B Ring in the 

Thermal Infrared* 


Year 

X.pm 

Tg (B ring),K 

Tilt Angle, B 

Observers 

1964 

10 

<85 

-9* 

Low (1965) 

1965 

2'l 

<64 

-4* ± 1® 

Low (unpublished) 

1969 

12 

86 ± 3 

17® 

Allen & Murdock (1971) 

1971 

20 

90 ± 3 

25® 

Murphy et al. (1972) 

1971 

11 

<85 

11 

Armstrong et al. (1972) 

1971-72 

45-80 

65-110 

85 ± 7 
89 ± 5 

255® 

255® 

Armstrong et al. (1972) 
Wright (1976) recalib. 

1972 

20 

94 ± 2 

26° 

Murphy (1973) 

1973 

20 

96 ± 3 

26® 

Morrison (1974) 

1973 

11 

92 ± 3 

26® 

Morrison (1974) 

1973 

35 

92-97 

26® 

Nolt et al (1974) 

1973 

-33 

91 ± 2 

26’ 

Rieke (1975) 

1974 

~11 

94 ± 2 

26® 

Rieke (1975) 

1974 

^22 

91.5 ± 1 

26® 

Rieke (1975) 

1975 

39 

91 ± 3 

24. 5® 

Nolt et al. (1977) 

1976 

45-80 

65-110 

84 i 4 
74 i 4 

21.8® 

Ward (1978) 

1977 

22.7 

86 ± 2 

16® 

Nolt et al. (1978) 

♦Corrected to heliocentric distance of 9. 

0 AU 



reddening effect is not understood, but could be due to trace impurities (sulfur? 
phosphorus? Axel dust?) and/or the effect of charged particle bombardment on the 
ice lattice (Pollack, 1975). An even stronger reddening is seen in the spectrum of 
Titan (see Figure 11). The existence of water ice comes as no surprise due to its 
abundance and stability compared to methane and ammonia ice in the outer solar 
system. Hydrate clathrates of methane or ammonia with water ice are also possible 
(Miller, i9Gl). Their existence has not yet been established observationally, as 
ncar-IR spectra (Smythe, 1975) do not distinguish water ice from clathrates. Spectra 
at longer wavelengths, however, (Bertie et al, 1973) could be quite useful. 
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WRMALIZEO REFLECTIVITY RELAUVE REFLECTANCE 



Figtire 8. Comparisea 0 / tht r^1ance spectra for Hfi and 
NH^ frosts and Saturn's rings, (la): The Saturn rsng 
spectrum 0 / Kttiper et al. f 1970 J (lb): Lunar conpartson 
spectra; (ll): Fine-grained Hfi frost spectrum; ‘III): 
Spectrum of the rings divided hy that of the moon: < IV): SH, 
frost, fine grained, a; coarse grained, h. From FiUcer ft al. 
U970). 


ORIGINAL PAGE b 
Of POOR QUALITY 



WAVELENGTH, fxm 


Figim 9. Comparison the refleclivity spectrum uf the rings (triangles) uith 
theoretical carves for the reflectivity behavior oj a water frost surface characterized by 
a mean given radius (a). The absen-ed values urn obtained from Kuiper ct a!. 
( 1970). Frm PolLeck et al. ( 1975). 


87 





/ 



.2 3 .4 .5 .6 ./ a .9 1.0 1.1 1.2 

WAVE LENGTH, pim 


Figure I(j. The normalized ipectral reflectivity of Saturn’s B ring is shown, compared v 1th 
spectra o/ J1 and J2. From lahcpsky n aj. (1970). 
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WAVfcLENGTH. juim 


Figurt II. Th: ffectral r^teah-uy of Satan's B ring is shatn alaag aith At 
spKtral r^kttifity of Titia. From LAotsttr « «I. f 1970). 


The above observations sample only the surface layers of the ring particles, 
and do not constrain the hulk particle composition. Observations at microwave wave- 
lengths sample depths of centimeters to meters, giving a better idea of the hulk 
composition. However, particle size effects may be s^nificant at these longer wave- 
lengths. Therefore, we discuss these two aspects simultaneously below. 
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Particle Size Di^ribution and Compoaitioa as Constrained by Nficrowave 
Observations 

The bri^ness temperature of the rii^ at wavelengths ^0. 86 cm is 
<10 d: 3 K« significsntly lower ttian their physical temperature of 96 K or so. This 
result comes fmn current model analysis (Cuzzi aud PoUai^, 1978) oi published inter- 
ferometric (hi^ resolution) observati<ms (Sriggs, 1974; Cuzzi and Dmit, 1975; Janssen 
and CKsen, 1974). Recent interferometer maps of the rings (Muhleman et aL » 1976. 
Scdiloerb, 1977) are in agreemmit widi this low. Izit non-zero. rii% bri|d>tiisss. The 
low temperature is due to an emissivity effect, as the o^cal depth of the rings at 
centimeter-decimeter wavelengths is comparable to its value at visible wavelei^bs 
based both on the above observations and on the high radar refle<^vity of the rbtgs 
(Goldstein and Morris. 1973; Goldstein et al. . 1977). hi fact, for the hi^ r^ectivi^ 
implied by the radar observations, it is not dif.unilt to show that most, if not all, of 
the microwave bri^itness of the rings is scattered radiation from the planet, and not 
"mnission" at all. At longer wavelengths, the rings seem colder (Berge and 
Muhleman. 1973; Briggs, 1974; Jaffee. 1977) and perhaps less <^>tically thick. 

Two possibilities exist for the km emissivities. First, the bulk material of 
the particles could have an intrinsically low emi&sivity. To match the observations 
by this "compositional" means alone for particles much Krger tban the wavelength in 
size, nearly pure metallic particles or particles possessing dielectric loss orders of 
magnitude lower than the least lossy of naturally occurring materials d^s) would be 
required. Second, as pointed out by Pollack et si. (1973) particles of size comparable 
to a waveleugth may have extremely low emissivity. and yet high scattering efficieacy. 
in the presence of a realistic value of dielectric loss such as possessed by ices. 

Using radio brightness limits aia] the observed radar reflectivity at two wavelengths, 
3.5 and 12.6 cm. Pollack (1975) and Cuzzi and Pollack (1978a, 1978b) have set con- 
straints on the possible particle size di^ribution and composition using realistic 
scattering models. First, silicates are excluded except pos^bly as a minor (<10% by 
mass) constitueitf of the particles. Second, water ice (or clathrate) particles with 
radii distributed following a power law distribution n (r) n^r for 1 cm < r < 
several meters could satisfy the observations if distributed ia a many-particle-tldck 
layer (see Section II). The upper limit on r here depends on the value of dielectric 
loss for the ice lOu K and is not known to better than a factor of three or so 
(Whalley and Labbe, 1969). Third, an optical depth ^1. 5 at visible wavelengths in the 
thickest part of the B ring is indicated. Fourth, metallic particles !arger than a 
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centimeter in radius are still a possibility. Filth, very large (many-meter) particles 

-1 -3 

of very low density (<10 gem ) with subsur&ice scatterers of the composition and 
sizes discussed above could also satisfy the existing observations based on analogy 
with the high radar reflectivity and depolarizatioa characterizing the Galilean satel- 
lites (Campbell et al.., 1977; Ostro and Pettengili, 1977). Some of the results leading 
to these constraints are shown in Figures 12-14, and these re&'.lts are summarized 
in Table 4. The important aspects of the radar observations are their high absolute 
value and depolarization, and apparent wavelength independerce. 

Another point of interest is tha; the radial variation of radar reflectivity is in 
fairly good agreement with the radial variation oi visible depth (Pettenglll et eL, 1977). 
A corollary of the microwave results is that the fraction of the rings (by surface area) 
composed of particles smaller than a centimeter or so must be quite small. This 
result is in good agreemenv with the results of analysis of eclipse cooling of the par- 
ticles by Aumann and Kieifer (1973) and observations by Morrison (1974) that the 
particle size is greater than about i. 5 cm. These results are also in agreement with 
the likely structure cf the ring as discussed in Section II and with the expected life- 
time of small particles against I\^y'nting-R;:)bertson drag. However, one should not 
be surprised to find some small particles (« 1 cm in size) in the rings, possibly 
being contimially produced in collisions. 

The rings are largely unobserved to the interesting transition wavelength 
range between 100 pm and 1 cm within which the tempeinture drops from — 90 K to 
—10 K. Far-infrared C'bservations (about 10-400 pm) over Ute last ten years 
appeared to show h clear contribetioa from the rings at their physical temperature 
(see Table 5). In zdditicn, obseiratiocs of Saturn relative to Jupiter at - 1 mm wave- 
length (Ix>w. 1966; Rather et ai, 1975) appeared to show some ring contribution at a 
brightness temperature of 30-40 K. However, recent observations are not in agree- 
ment with these results. From a scan of Saturn at 400 micrometers, it appears 
that the brightness* of the tings is less than 0. 35 of the disk brightness (Werner, 
private commtutication). Also Werner et oL (1978) see nc evidence for excess flux 
due to the rings 0n an unresolved observation comparing total flux with Jupiter) at 
1 mm wavelength. These important short wavelength observations will become more 
difficult as the Si>lid angle of the rings decreases further in coming years, but will be 
essential to understanding the composition and size distribution of the ring particles. 
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VARIANCE OF DISTRIBUTION < 0.3 


FigMit 12. Ctm fu rifsr themd 
radar rrfiectnity utlh the fak t dated 
refiecthity ef a wtamy-partttU-thkk layer 
uuk a rtLttitely aarrw u'e distrUm- 
U<m. The parameters amd FTB 
characterize tcattertng by msasphericat 
particles aad art fatrly typical lalmes far 
rough tXg — il aad smtub (x^ = 8) 
particles nsptcurdy. From Cazzi aad 
Pollack ( 19781. 
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Cuzzi and Poiiask 1 1978). 


92 




Table 4. Acceptability of Ring Models of Different Structure* 
Composition, and Particle Size 

Prrtlcle Composition 


Model Structure 

Ice 

Rock 

Metal 

Extended layer: 

A: a << X <a < 1 cm) 

No, due to low net 
reflectivity and strong 
X -dependence 

No, due to low net 
reflectivity and strong 
X-dependence 

No, due to strong 
X-dependence 

B: a 

(narrow size distribution) 

Possible 

^ a 6 i; 1 cm only) 

No, due to low net 
reflectivity 

Possible 

C: a>> X (a > 1 m) 
(narrow size distribution) 

No, due to low net 
reflectivity 

No, due to low net 
reHectivlty 

Possible 

D: Power law (a > 1 cm) 
n(a) = n^a-S 

Possible 

No, due to low net 
reDectivity 

Possible 

Monolayer; 

A: a<< X (a < 1 cm) 

No, due to low net 
reHectivity and strong 
X-dependence 

No, due to low net 
reflectivity and strong 
X-dependence 

No, due to strong 
X-dependence 

B: a ^X (a > 1 cm) 

Unlikely, due to low 
depolarization 

Unlikely, due to low 
depolarization 

Unlikely, due to low 
depolarization 

C: a» X (a > 1 m) 

Possible (multiple 

No, due to low net 

Unlikely, due to low 

(narrow size distribution) 

internal scattering) 

reflectivity 

expected depolarization 

D; Power law (a > 1 cm) 

Unlikely, due to low 

No, due to low net 

No, due to low net 
reflectivity 

nto) = n a"3 
^ o 

depolarization 

reflectivity 



Table 5. Far Infrared Observations of Saturn and Its Rings: 
Variation of Net Flux Coming from Disk Using Values of 
Disk Tb Derived on Two Different Assumptions 
FI: Tb obtained assuming no flux from rings. 

F2: Tb obtained assuming rings & disk of equal temperature 


Date 

TIU 

Angle 

Area (Dtsk + 
Rings)/Area 
(Disk) 

/Fj (date)\ 
\Fj (1968)/ 

/Fg (date)\ 
\^F2 (1968)/ 

Source 

Dec. 1968 

-If 

1.0 

1.0 

1.0 

Aumann et al. 

(1-350 jxm) 





(1969) 

Winter 1975-76 

-2f 

1.6 




(40-300 pm) 



1.5 ± 0.3 

1.0 ± 0.1 

Loewenstein et al. 

(100-400 pm)*> 



1.8 ± O.lb 

0.93 ± 0.03 

(1977) 

Oct. 1971 

-24° 

1.8 

1.7 ± 0.1 

1.0 ± 0.1 

Armstrong et al. 

(30-300 pm) 





(1972) and 

(125-300 pm)° 



2.0 ± O.lb 

0.97 i 0.03 

Wright (1976) 

\Wnter 1973-74 

-26° 

1.9 

1.9 ± lb 

0.9 ±0.1 

Hudsctti et al. 


(300-500 pm)b (1974) 


a) approximate correction for ring blockage by planet included. 

b) Rayleigh-Jeans limit assumed in scaling temperature to flux. 


Summary 

The albedos of the ring particles are somewhat uncertain, but quite Mgh 
(c5^ :?■ 0.8) at blue and visible wavelengths. The scattering phase function is fairly 
backscattering, but not as highly backscattering as that of the lunar surface. These 
(ixoperties are similar to those of typical snowbanks. Particle temperatures calcu- 
lated for a range of values for the bolometric albedo consistent with the abov'e results 
decrease with ring tilt angle as observed, but seem slightly low (5-10 K) with respect 
to observations in the thermal IR. Water ice (and possibly clathrate hydrates! 
apparently constitutes the major part of the ring material, although ice-coated metal 
may not be ruled out on the basis of existing infrared, radio, or radar observ'ations. 

Metal may, however, be regarded as unlikely both on grounds of cosmic 
abundance and on grounds of its high density. If the ring particles were of rnetal, 
the Roche limit would lie well \vithin the rings and accretion could proceed. Also, the 
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net ring mass based on the observed \t>lume density would very likely be so large as 
to cause a noticeable discrepancy in the location of Cassini's division (see Section II). 

It appears that the particles must be larger than a centimeter or so in size. 

A very broad size distribution, possibly n (r) = n^r , is consistent with all existing 
data if the largest particles are several meters in radius. Such a situation would 
explain the probable ring "many-particle" thickness and azimuthal variations 
(Section II) as well, in terms of dispersion of the numerous small particles by the few 
large ones. Another possibility is that the "particles” are much larger, with internal 
scatterers of centimeter-to-meter size fixed in a low-density matrix. 

IV. NEAR-TERM INFORMATION EXPECTED (1978 - 1984) 

Earth-based Studies 

1. Further investigations of the opposition effect and the azimuthal 
brightness variations with decreasing ring tilt angle and at longer (red, 

IR) wavelengths. These will hopefully constrain the particle albedo more 
closely, impacting the question of the "infrared discrepancy. " 

2. An interferometric observation of the ring brightness at 3 mm wavelength 
may be possible in the near future, but in general critical short 
microwave-wavelength observations (100 pm - 1 cm) will become more 
difficult as the rings close up. Hopefully, laboratory measurements of 
the microwave (and infrared) dielectric properties of ices and clathrates 
at low temperatures will be obtained, as these will eventually be critical 
for final analyses of ring particle size and composition. 

3. Continuation of radar backscatter observations of the rings as they close 
up may allow us to discriminate between monolayer and many-particle- 
thick models. 
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Pioneer and \'oyager 


1. Pioneer 11 will "probe" the region exterior to ring A for particles, but 
due to the low value of ring tilt angle, may not provide much other 
information. 

2. Voyager will encounter Saturn at a ring tilt angle of 5 degrees. The Voyager 
Radio Science experiments (Eshleman et at., 1978; Tjier, 1978) will obtain 
high-quality information on ring optical depths for regions with low 

< 1) optical depths. Parts of the B ring may still be opaque. Good 
radial resolution will be obtained ('•100 km) giving new information on 
dynamics and radial structure. Pioper use of the two Voyager spacecraft 
in different modes (one in direct occultation, one in large-angle bistatic 
reflection) will provide information on particle sizes spanning the whole 
range of interest. Oblique scattering angles are desirable both in studying 
particles between 1 cm and several meters in size, and in obtaining 
interesting polarization results, which bear directly on particle sliape. 

3. \ oyager IRIS e^qjeriments will obtain independent "mean" size information 
from observations of eclipse cooling of the particles. Spectral observa- 
tions from 0.3-50 p»m will provide useful information on composition and 
temperature of the particles observed. Photography may reveal the 
existence of extremely large "parent" bodies with sizes on the order of 

a kilometer or more. 

4. Determination of the ring mass with an accuracv of ~10 M will be 
possible. Tliis measurement will probably discriminate betw’een ices and 
metal as major material constituents. However, if the rings are of ice, 
their mass may veiy well be less than the above detection limit. 

V. POTENTIAL USES OF SOP“ FOR STUDY OF THE RINGS 

Composition Determinations and Relevance to Studies of Solar 
System Formation 

As mentioned in Section 1, the origin of the rings is still not well-established. 
However, indications are tliat very large ( > 1 km) particles are, at best, a rarity in 
the rings. .As internal strength would limit the size of fragments produced by Roclie 
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breakup of a larger satellite to a value at least this large (Harris, 1975; Greenberg 
et al, 1977), this may be taken as at least an indication that the ring material is a 
direct condensate from the proto-planetary nebula. Because the ring particles have 
not been chemically or thermally altered by atmospheric or tectonic processes, they 
provide a valuable boundary condition on conditions in the protoplanetary nebula. 

For instance, Lewis (1973). and Miller (1973) have suggested that metliane and 
ammonia hydrates are stable at temperatures around or below 90 K. Thus, one would 
e?q)ect them to exist currently, if they ever formed. Pollack et al. (1977) have shown 
that the early high- luminosity phase of proto-Saturn may have kept the region of the 
rings too warm for anything but pure water ice to form there, and then only very 
close to the end of the accretion period. Thus, determination of the clathrate rs ice 
composition will provide an important constraint on the formation history of Saturn 
and the outer solar system in general. This may well be accomplished by an IRIS- 
type experiment operating out to long wavelengths (~ 1-100 nm) where spectral dis- 
crimination of clathrates appears to be possible (Bertie et al., 1973). Some evidence 
for spectral structure in the 10 and 20 pm region has been inferred in observations by 
Morrison (1974). Laboratory work is needed to determine critical wavelength 
intervals and sensitivity required. In addition, trace silicate impurities which may 
be admixed in the ice may be representative of the composition of the original inter- 
stellar grains, and may be present in sufficient amounts to be detectable by an IRIS 
experiment. Hydrated silicates appear to be likely constituents of the Galilean 
satellites (Pollack et al., 1978) and observable even from the ground. High-resolution 
spectra at visible wavelengths would help resolve the source of the "reddening" which 
seems to characterize all outer solar system objects. Organic photo-products have 
been suggested for this "Axel dust" on Titan, but the rings have no atmosphere in 
which to form such products. 

Both in ice vs clathrates and ice vs silicate, compositional gradients may 
exist with distance from Saturn at a level which might be detectable only with sub- 
stantial integration time, requiring repeated observations from an orWter. 

Particle Size Distribution and the Evolution of the Rings 

A detailed knowledge of the particle size distribution, possibly a function of 
distance from the planet, may tell us a good deal about the evolution of rings. 

Smaller particles will be affected more by drag effects and will drift inwards. Also 
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particles undergoing the most collisions (the smaller, more numerous particles) 
will diffuse inwards and outwards the most rapidly. Thus, information may be gained 
as to whether the rings originated in one place and diffused radially, or remain in 
much the same location in which they were formed. The exact form of the size dis- 
tribution may be compared with distributions characterizing meteorites and with 
theoretical studies of accretion /comminution processes (Greenberg et al, 1978) to 
give us a greater understanding of the accretion process itself. 

These studies would be best accomplished using bistatic radar reflectivity 
and polarization studies over as large a range of view angles as possible. This 
implies observations from a fairly inclined orbit (~10-20°) with respect to the ring 
plane. Such an inclined orbit would also improve our chances of obtaining a ring 
mass as separable from the higher gravitational harmonics of Saturn itself. A full 
knowledge of the diffuse scattering properties of the rings (see Figure 15) would pro- 
vide an excellent constraint on the distribution of particle sizes from less than one 
centimeter to several meters radius. Studies of the polarization would allow infer- 
ences as to particle shape and irregularity to be made, giving qualitative information 
on the collisional processes shaping the particles. Repeated ring occultations at a 
time when the rings are fairly open (~20 degrees in 1984) will p'ive us full knowledge 
of the optical depth in tiie thickest regions of the rings wiiich will be necessary for 
understanding of the intensity and polarization results. Coherent radio occulta- 
tions also provide a good means of detecting small («1 cm radius) particles, by 
the phase shift of the coherent signal. 

Radiometry at short microwave wavelengths (100 pm-1 mm) would be of great 
value in establishing limits on the size of the largest particles. These maximum sizes 
might also vary with radial distance. Current values of ring brightness temperature 
at millimeter wavelengths are not in agreement; however, model calculations (Cuzzi 
and Pollack 1978) indicate that brightness temperatures of 30-50 K could be expected, 
if the particles are composed of ice. Better knowledge of the critical transition 
zone between 100 pm and several millimeters wavelength will be essential to better 
knowledge of the particle sizes and compositions. Improved knowledge of the phase 
effect at visible wavelengths would lead to good determination of the volume density 
of the rings critical for proper analysis of the microwave scattering behavior. The 
volume density may vary with radial distance, especially near the resonances, pro- 
viding indirect information on the dynamics of resonances and ring thickness. 
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Figure 1 5 . The angular distribution of 
diffusely srattered and transmitted radia- 
tion in the plane of incident*. The inci- 
dent plane wave has unit flux normal to 
itself. Curves a and a': tohd and singly 
scattered intensities nflated by a semi- 
infinite layer of isotropic scatterers with 
Tio = I. Curves b and b‘: tool anS 
dngly scattered intensities diffusely re- 
flected and transmitted by a typical ring 
model composed of centimeter-to-meter- 
sized particles in a many-partkU-thick 
ring layer. From Cuzzi and Pollack 
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The ring system as a dynamics laboratory; The recent discovery of the rings 
of Uranus shows that ring systems are more common than had been thought, and vary 
greatly in nature. These two systems afford us a great opportunity to study large- 
scale gravitational perturbations which could lead to a better knowledge of the accre- 
tion processes forming resonant pairs of satellites, and even planets themselves 
(Goldreich and Nicholson, 1978), as well as large-scale dynamical effects influencing 
galactic structure. For instance, the exact shape and optical depth of the gaps in the 
rings will allow tests to be made of density wave theory in differentially rotating disks 
(Goldreich and Tremaine, 1S78). Knowledge of flie "strengths" of the Mimas resonances 
as barriers to mass motion (from theory), studies of the optical depth variations 
across the resonances, and the "spreading rate" of the rings as determined by velocity 
dispersion (thickness) may be compared with observations of radial diffusion of par- 
ticles as evidenced by radial variations in composition on particle size distribution. 

More detailed study of local ring irregularities such as the non-axisymmetric dis- 
turbances in ring A and the physical thickness of the rings, even from SR^ orbital 
distance, appears to be difficult as these are probably tens of meters in size, 
requiring angular resolution less than 0.1 arc sec. 
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Summary 


Several poiats of interest are noted vis-a-vis use cl SOP^ to study the rings 
and the relevance of these studies to solar system formation. Studies of particle 
composition and size distribution, and their variations with distance fi*om the planet, 
could provide several useful constraints on conditions prevailing in the proio- 
planetary nebula. These are best accomplished from inclined orbit (10-20°) with 
visible photometry at several wavelengths (or spectroscopy), an IRIS experiment 
operating from 1-50 pm (100 pm?) wavelength, a multiband radiometer operating 
from ~100 pm to several millimeters wavelength, and extensive bistatic radar 
mapping. Studies of the dynamics of particles in the rings will greatly improve our 
theoretical understanding of the gravitational processes that influenced, and might 
have initiated, planetary accretion and evolution. These will arise from extensive 
photography of the rings and repeated radio occultations of an orbiter by the ri.igs. 
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D13CL1SSK>N 


J. CALDWELL: I would like to show a Figure A taken from Caldwell, J. (1975) 
Ultraviolet observations of small bodies in the Solar System (Icanis 25, 384-396) anl 
compare it with oim; of JefTs (see Figure 9) 



This figure shows OAO data that extmid the reflectivity measurements of file rings below 

O O 

3000 A to practically 2000 A. The precipitous drop in reflectivity imjdied by McCord and 
his colleagues stops around 3000 X. 

The reflectivity in the 2000-3300 A region is flat and is c<msistent wifii water 
frost. B also ai^^rs to me that the total spectrum would be ooaaiatent with two 
component . I don't know whether they are spatially separated or mixed together. 

The ultraviolet reflectivity of the rings does not look like that of the Gafilean 
satellites, which continue to decrease noticeably all the wav down to 2000 X, at least 
for those for which measurements are possible (Callisto, Ganymede, and Europa). 

L. TRAFTON: Although the rings are brighter than Titan, t'ne relative 
reflectivities from 5000 X down to at least 3000 X are vei^ similar. So whatever makes 
up the dust on Titan, may be the same stuff which helps to color the riiigs. 

B. SMITH: During the recent lapetus eclipse we did couflrm the existence of 
the Encke division or minimum, so we have a little nmre than Dolifos's visual 
observation to go on. 
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Also, with regard to ring thickness seen at the time the Earth goes through 
the ring plane, its true that the rings never completely disappear, out the model that 
Cook has developed has turned up edges near the resonance divisions. Thus the rings 
can be very thin and still appear thicker when seen edge on. 

J. CUZZl: Yes, however it is uncertain whether Cook's inclination resonance, 
which produces the "turned-up*' edges, lies in a region containing particles, or in 
£act within an empty region near the ring edge. 

D. MORRiSON: hi your upper limit on the amount of silicates that can be 
included in the particles and still be consistent with the radar measurements. I 
presume that it refers to the centimeter or perhaps the 10-cm particles, if you had 
a silicate core in some of the large objects, could you tell the di^ferenc-? ? 

J. CUZZl: Probably not. The meter-sized and larger objects in the power 
law distribiuioa contribute relatively little to the radar signal, sr> their properUes 
do not constrain the model. 

D. MORRISON: So, in fact, a component of a relativelv small numbe- of 
meter-sized objects made of anything would be consistent with e-sastiug data. 

J. CUZZl: Yes, as long as their totnl surface area, or optical depth, is less 
than a few percent of that of the entire ring systei... 
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ABSTRACT 

CCD uiMcrvatkitis of Sacurn Rin|; D, ducovered bj' Guerin in 1969. 
conlinn ihe existence of this inner rit^ and indicate that its sutEkc 
bri}d>tness ranges frntn 0.05 (inner edge) to 0.05 (outer edge) relative to the 
tnaxitnutn surface brightness of Rii^ B. if Rit^ D is composed of 
spherical, diffusely reOectii^ particles with average surface reflectivity 
equai to that of the particles in Ring B. the avm^ normal optical thick- 
ness of Riiq; D is 0.02. ReanaKsis of a photograph taken by Feibeltnan 
during the 1966 ritq; plane passage suggests a normal optical thickness for 
Ring E between 10' ‘ and 10 depending upon the average reflectrvity 
of the particles. No new observations of this outer rit^g will be possible 
until the evth passes thmugh the Saturn ring plane in 1979—80. 


I will discuss two rings of Saturn which cannot normally be seen; ly that I mean 
rings which would be invisible to a visual observer using even the largest of telescopes. 
It must be said that, until quite recently, the very existence of both of these rings — 
located interior to and exterior to the three bright rings — was in serious question. 
Today we fee! quite confident of the reality of the inner ring, while the outer ring prob- 
ably still remains, in reality space, somewhere between Farrah Fawcett-Majors and 
Tinker Bell. The International .Astronomical Union does recognize at least the hypo- 
thetical existence of both rings, however, and has designated the inner ann outer as 
Rings D and E, respectively. 

The outer ring has been reported by several visual observers since the turn 
of the century (Ale.xander, 1962), most notably by the famous French observer. 
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G. Fournier, and by the even more famous astrophysicist. Sir Arthur Stanley Eddington. 
Since we now know that the E ring is much too faint to be seen visually, it was perlaps 
an exercise of good judgement when Eddington decided to pursue a theoretical career. 

Ring £ is in fact so faint that the only opportunity for detecting it at all happens during 
the time when the earth is passing throu^ the Saturn ring plane. The most recent oppor- 
tunity occurred in 1966 and we will have another chance in 1979-80. 

The inner ring was first reported by Pierre Guerin after examining photographs 
that he had taken at Pic du Midi in 1969 (Guerin, 1970). Subsequent reexaminations of 
photographs by S. Larson at the Lunar ami Planetary Laboratory of the University of 
Arizona and by myself at New Mexico State University tended to confirm the existence of 
Ring D, but the signal was buried uncomfortably far down in the noise of the lig^t scat- 
tered by the bright rings and by Saturn itselL In 1975 JPL's Saturn Ring Study Team 
produced an impressive 150 page document entitled ’'The D Ring - Fact or Fiction" 

(JPL Document 760-134). The study concluded that the existence of the D ring could not 
be verified and that the maximum brigitfness of Ring D would have to be less than 0. 01 of 
the maximum brightness of Ring B. However, recent studies by Larson (1978), using 
images obtained with a CCD camera, have provided quantitative confirmation of Ring D. 

Looking more closely now at Ring E, the only quantitative data currently avail- 
able (Smith et ol. , 1975) are those which have been extracted from a single blue-light 
photographic image obtained during the 1966 opportunity by W.A. Feibelman at the 
Alleghen}' CAservatory of the University of Pittsburgh (Feibelman, 1967). Although 
Feibelman had actually taken several dozen photographs of varying exposure with the 
Allegheny 76-cm refiractor, only a single, 30-minute, overexposed image of Saturn 
showed a faint extension* of the visible rings. Fortunately, Feibelman's pbotograi^ 
also contains a dozen or so faint stars, thereby allowing a quantitative estimate of the 
brightness of the extended ring material. The only additional photographs known to 
show Ring £ are several taken at the Catalina Observatory of the University of Arizona 
during the same opportunity in 1966 (Kuiper, 1974). Although the Arizona photographs 
tend to confirm the existence of the outer ring, the field of view was so small that no 
field stars were recorded and no quantitative brightness estimates are possible. 


•The extension is most visible to the east of Saturn. The west side is cluttered by the overexposed images of Dione, Enceiadus, Rhea 
and Titan 
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At the time that the AUeghcoy observation was made (15 Ifovember 1966), the 
ring pUme was inclined 0^ 233 to the line of si^. The projected width of Ring E would 
then be apfwoximately O.Sarc sec, considerably less than the 3.6 arc sec star images 
appearing on the same photograph. Thus, tor i^tometric purposes, it is possible to 
treat the ring extension as a line source, llte range over which the outer rii^ is seen 
extends from 3.3 to 6.5 Saturn radii (approximately 200,000 to 400,000 km) from the 
center of the planet. The inner limit is set by the core of the greatly overexposed 
image of Saturn itself, while the outer limit seems to be coincident with the edge of 
the annular halation area around the overexposed core. It seems likely that the faint 
rii^ extension is made visible the |d»togra{^c "inertia" provided by the halation 
annulus. If so, the ring may extend well beyond 6. 5 Saturn radii. The uniformity over 
the observed range would also suggest that it probably extends inward to the outer edge 
of the visible rings. 

Microdensitometry of the Feibelman image g^ves a line-source brightness of 

m^ = 19. 5 1 0. 5 magnitudes per linear arc sec. If we make the simplifying assumption 

that the ring is composed of diffiisely reflecting, i^herical particles, we can arrive at 

a normal optical thickness of the ring for any assumed average albedo of the individual 

ring particles. Assuming that the albedo ejdremes are bounded granular, ice- 

covered surfaces ^.8) at one end and bare, carbonaceous-chrondritic material (0.05) 

-7 

at the other, we find the normal of^cal thickness to lie between t = 1. 0 0. 5 x 10 

and T = 1. 6 ± 0. 7 X 10“®. 

The size distribution of particles in Ring E must be governed by the mechanisms 
of production and depletion. The Poynting-Robertson effect, for example, would have 
removed all primordial particles smaller than 7 cm over the age of the solar system. 

On the other hand, we might expect that new particles are being continuously created by 
meteoritic bombardment of larger particles near the outer edge of Ring A. Those 
spalled particles should then spiral outward under the influence of plasma drag. Such 
a mechanism would be increasingly effective with decreasing particle size and would 
tend, therefore, to populate the E ring with the smaller end of the spalled particle 
size-distribution range. 

The hazard to spacecraft passing through Ring E depends, of course, on the 
distribution of particle size. As an example, if nearly all of the particles are very 
large, the separation between particles will be large compared to the size of the space- 
craft and the probability of impact will be merely the normal optical thickness times a 
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projection effect which is approximately the cosecant of the t .*a':ectory inclination. For 
even low inclinatik>n trajectories, this could hardly be considered a serious hazard. If 
the particles are very small, impacts are assured, Uit damage will likely be negligible. 
It is in the millimeter range of particle sizes that the hazard to spacecraft becomes 
greatest, but this may also be a range where primordial particles are depleted and 
steady-state prociiction is relatively small. 

Turning to the region inside the bright rings, our study of Ring D (Larson, 1978) 
has made use of CCD images of Saturn obtained in the 886-nm absorption band of 
methane. The absorption of reflected light within this band by methane in Saturn's 
atmosphere aj^reciably reduces one component of the scattered light which has made 
earlier attemi^ to detect this inner ring so difficult. Suppression of reflected light 
from Saturn is variable over the disk, as it depends upon height and scattering proper- 
ties of the reflecting cloud layer. Averaged over the disk, however, the reduction in 
light reflected from the planet relative to that from the rings is about a factor of 10. 

CCD images of Saturn and its rings were recorded in February and April 1977, 
using the University of Arizona 154-cm Catalina telescope. The phase angle was 
0°14 and 6^3, respectively, and the ring plane was inclined 17® and 18® to the line of 
sight. Intensity profiles .i long the major axis of the rings were then compared with 
model intensity profiles convolved two-dimens ionally with an appropriate point spread 
function (PSF). In order to provide a realistic PSF which would properly fit both the 
core and the wings of a smeared stellar image, we used a summed double gaussian. 

The model intensity profile for the three bright rings was based on microdensitometry 
of high-resolution photographic images obtained by Larson with the same telescope in 
1974. The results are shown in Figure 1 which displays the observed profile along with 
both the convolved and unconvolved profiles of the model. It can be seen that the model 
requires a reflecting region interior to Ring C and that the surface briefness of the 
interior ring must decrease toward the planet. The surface brightness of Ring D at 
886 nm varies between 0.03 and 0.05 that of Ring B. 

If we again assume that Ring D is made up of spherical, diffusely reflecting 
particles, and that the average surface reflectivity is approximately equal to that of the 
particles in Ring B, the averjige normal optical thickness of the Ring D is 0. 02. On the 
other hand, if the particles in Ring D are not ice covered, the normal optical thickness 
would be correspondingly higher. Larson (1978) further notes that the Ring D seems to 
follow the same opposition effect as that exhibited by the bright rings. The so called 
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Figure I . (a) Motiel inlenuly profilti of the rings. The tohd and dashed lines represent the relatiix disk brightness at phase angles of 0,°/4 and 

fi.°3 respectively, (b) Mode! cnnvohrd m two dimensions with a smearing function consisting of summed gausstans of W.66 and J.20 arc sec full width 
at half maximum . The dots are observational data from both amae on i February 1977 at a phase angle of (>.'*14. Ic ) Gausstans of I.K)and2.64 
aruec full width at half maximum. Dots are observational data from the east ansa on 22 April 1977 at a phase angle of 


"Guerin Division" between Rings C and D was not observed, but this may be due to 
image quality which is somewhat inferior to that obtained by Guerin. 

With regard to potential hazards to any fiiture spaceciaft attempting to fly 
through Ring D at aqy trajectory inclination, it is difficult to see any hope for survival 
unless all of the particles are large compared to the dimensions of the spacecraft 
itself. 

As for future observations of these faint rings, I have already mentioned that 
1979-80 will provide a good opportunity for groundbased telescopic studies of Ring £. 
Because of its very small optical thickness, it is unlficely that either Pioneer or 
Voyager will contribute anything new to our knowledge of the optical properties of this 
region. There is, however, the possibility that charged particle investigations will 
provide some new information, if indeed there is interaction between the trapped radia- 
tion and particulate material in the E Ring, as has been suggested by Van Allen (1976). 
The next good opportunity for ground-based studies of Ring D will not come until the 
mid to late 1980 's. Long before that. Voyager should provide quantitative measure- 
ments of surface brightness, optical thickness and structure. 
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DISCUSSION 


J. CALDWELL; You said that Pioneer and Voyager wouldn't tell us much 
about ttie Ring E. But what about when Pioneer and Voyager actually go through the 
Ring E? 

B. SMITH: The Voyager trajectory is such that it crosses the Saturn ring 
plane sometime shortly after leaving Jupiter and does not cross it again until it is very 
close to Saturn. So, as far as imaging is concerned, there’s no hope of timing an 
exposure 'x> look right in the plane. Yet, the optical thickness is so low you'd have to 
be exactly in the plane to be able to see it. 

D. MORRISON: Perhaps one should note here that the first Voyager will not go 
that dost: to the rings, but both Koneer 11 and the second Voyager, if it's on a Uranus 
trajectory, will go at about 2. 37 Saturnian radii from the center of the planet. 

D. WALLACE: Would you suggest that an Orbiter should be in the ring plane? 
You would discriminate then. 

B. SMITH: Well, that might be discriminating the hard way. 1 don't recom- 
mend an orbiter in the ring plane. 

J, POLLACK: Actually, brom the point of view of other aspects of the ring, it 
prdbably would be useful to have the orbiter slightly inclined for two reasons; (1) You 
get a better ability to separate the ring mass bom Saturn. (2) You have the ability to 
do some of the interesting bistatic radar experiments that I spoke about earlier. 

D. HUNTEN; Not to mention imaging, which also requires being out of the 
ring plane. 

D, MORRISON; This is an issue that we’ll certainly want to come back to later, 
because if you are very far out of the plane of the rings, you may find that Titan is the 
only satellite that you can come close to, and there may be some trades that have to be 
made between multiple satellite encounters and getting a good look at the rings. 
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ABSTRACT 

The inversion model foi the atmosphere ot Titan, first proposed by 
Danielson, Caldweil and Larach, is reviewed. The basic features of the 
model are; a cold surface (80 K), a warm stratosphere (160 K> and a low 
surface pressure (20 mbar). The model is consistent with all existing 
thermal infrared spectrophotometry, but it cannot preclude the existence 
of an t^taque, cloudy, thick atmosphere. The model is strongly supported 
by the recent scattering analysis of Podolak and Giver, which, together 
with the early analysis by Trafton, excludes other gases .ban methane as 
bulk constituents. Radio wavelengths observations, including recent data 
from the Very Laige Array, are discussed. These long wavelength 
observ.'itions may be the only direct means of samplir^ the surface 
environment before an entry probe or flyby. The differences between the 
inversion model and Hunten's mode! must be resolved before detailed 
probe design studies can be performed meaningfully. 


INTRODUCTION 

It has been known for more than three decacJes (Kuiper, 1944) that Titan is unique 
among the well-observed satellites in the Solar System in having a substantial atmo- 
sphere, including at least some CH^. However, for much of the intervening time, this 
datum was ignored by moat of the astronomical community. 

In 1972, there began a revolution in our understanding of this enigmatic satalUte. 
Trafton (1972a) reported the possible detection of Hg on Titan and ali. o ra-evaluated the 
quantitative analysis of the observed CH^ absorption at 1.1 fim, revising upward the 
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estimate of the minimum column abundance of the Titanian atmosphere (Trafton, 1972b). 
Allen and Murdock (1971) had observed an anomalously high brightness temperature at 
12 pm and concluded that the satellite had an atmospheric greenhouse. Morrison et al. 
(1972), influenced by their cwn radiometric observations at 20pm and by the papers 
cited above, proposed a greenhpuse model in which the opacity due to the broad, 
pressure-induced rotational transiticas in at 17pm and 28pm, together with the 
relative transparency of Hg in the 8-l4pm terrestrial atmospheric window, produced the 
observed infrared properties of Titan.- Pollack (1973) presented a detailed greenhouse 
model, which also included the pressure-induced opacity of CH^. He derived a surface 
temperature =^150K, with a minimum surface pressure -=^400 mbar and a minimum 
column abundance ==50 km-atm total of Hg and CH^. 

There was an alternate interpretc cion of the new Titan data, however, 

Danielson et al. (1973) and Caldwell (1977) developed and refined a model atmosphere 
with a surface temperature =«80K, a surface pressure =20 mbar and a column abundance 
of =2 km-atm of CH^. This class of model, with its relatively low surface pressure, 
has become known as the inversion model, because it features a high altitude tempera- 
ture inversion that is capable of reproducing all of the infrared observations of Titan, 

There are other candidate models as well. Hunten (e.g. , 1977) has been a forceful 
advocate for the inclusion of N,, and has pointed out the theoretical difficulties in main- 
taining a substantial Hg component on Titan against its high escape rate. Cess and Owen 
(1973) have included the effects of noble gases on greenhouse models. 

The differences between these models must be resolved if there is to be an 
accurate understanding of the current state of Titan, and if its clues to the larger 
question of the origin and evolution of the outer Solar l^stem are to be exploited. On a 
more practical level, an improved knowledge of the atmosphere is a prerequisite for 
many of the more useful potential spacecraft explorations of Titan. 

It is the purpose of this paper to review the original inversion model, to discuss 
the impact of recent results on the modt >, and to speculate on imminent developm ’ts. 

In the following chapter, Hunten describes the current status of models with high .. 
surface pressures and column densities. 
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THE INVERSON MODEL 


The details of this model have previously h?en given by Danielson al. 
and by Caldwell (1977). This section summarizes those pauers. 

The starting point for the model was the adoption of the smallest column abun- 
dance for the Titanian atmosphere that was consistent v.ith observations. From the work 
of Trafton (1972b), that was 2 km-atm CH^, with no other major molecular constituent. 
The motivation for choosing this extreme value was criginallr to counterbalance tiie 
then-prevailing trend among planetary scientists to favor the largest tenab’e column 
abundance. However, as will be discussed below, this choice is further justified by 
considerations of CH^ \apor pressure and of the global "adia^ion budget. 

The 2 km-atm abundance was d .ermined by Trafton from h*s analysis of the 

3i/_ band of CH. at 1.1 jim. Podolak and his colleagues have shown tlutt it caa be 
3 4 

reconciled with the visible and near infrared absorption bands of CH^ in the spectrum 
of Titan. This w'ork will be summarized in the next section. However, toward skortor 
wavelengths, the reflectivity of Titan is not determined by CH^ alone. 

From 6000 A down to 2600 A, the reflectivity' decreases monoicr.ically. The 
shortest wavelength point, determined from broadband photometry b\' OAO-2 
(Caldwell, 1975), corresponds to a geometric albedo of 0.033 for a rad-.us of 2900 km 
Caldwell (1974) has emphasized that such a low' value is inconsistent '.ith Rayleigh 
scattering even from the minimal 2 km-atm of CH^- Models with higher abundances 
have greater disagreement with the observations. 

The low' ultraviolet albedo requires the nresenje of an absorbing soecies high in 
the atmosphere of Titan. The Rayleigh scattering consvraint means that tterr can be at 
most a clear layer of -0. 1 km-atm column abundance above the abscroer if ;t is 
completely black at 2600 A, 

No molecule has been identified with the spectral characteristics necessary to 
reproduce the variation in reflectivity exhibited by Titan. Howver, laboratory simula- 
tions of Titan-like atmosjAeres exposed to natural energy sources such as far ultra- 
violet light generally produce a dark reddish-brown polymer (e.g. . Khare and Sagan, 
1973) that has the qualitative properties to e.xplain the trend of Titan’s ultraviolet to 
visual albedo curve. In this process, CH^ is decomposed, and the fragments recombine 
to form the large colored particles. Such particles will henceforth be called "dust" to 
differentiate them from possible condensatic products. 
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The oiigiiwil in'*efsioD mode- <vas based on an assumption that sach a pitx^s 
actually occurs oo Titan. Although the d^taile on Titan are not Ail!y enoerstood. as 
will be discussed below, lite short ^^velei'gtti absorption is definite. It is tnerefore 
certaia that a s^iflcant fractioc of the iKHi-ieflected Solar radiation incident upon 
Titac ie absorbed high in the atciosphers> and not at the surfitce. 

Ac object at Titan's distance from the Sun wh>ch has a high thermal emissivity 
^11 acquire an eqailihc'uin temperature of the order of 10«'»K. Tb«- actual value will 
depend on ibe objee<''s aU>edo. If the obJC^ does not have a high thermal emtssivit> at 
the wavelength of peak emission (=x/}0|on for 100 K) Ute temperubire will rise until flie 
integral over all wavelengths ot the emissCvity multiplied by the Planck hincticm equals 
the absorbed energy. 

Titee's upper atmosphere has in fact reached an equilibrium temperature w^ll 
above IOC K. The ^dence icr difs ip foi^nd in the middle infrared spectrophotometry 
of Gillett et oL (1973) and Gillett (1975). These data shew a brightress temperature 
of ^160 Kin tlv' fuodanie’'.al i^and cf €H^ at 3pm. Since this band is veiy strong, it 

is optically thick at very high altitudes, and this brightness temperature must be very 
Close to the actual physical temperature there. 

At lower altitudes, there must be an ofaque. colifer level because, without an 
internal energy source, there is not en<agh incoming radiat;t eceigy to maintain the 
otttar skin of tiie satellite at this elevated temperature against radiation to space. 

Hence, Titan has a temperature inversion, witn warmei la\srs overlying cooler ones. 

It is possible that an atmospheric greenhouse effect could niai.itain warmer 
layers below tho cold, opaque level. Hiis conjectare cannot be d>sproven now. The 
simplest model, advocated here, is that the opaque layer is in fact the physical surface. 

It is postulated in the inve.'sicn mcdel that the surface ic CH^ ice and that the 
atmosphere Is in vapoi pressur*^ equilibriuir with the surface. This fixes tlie surface 
temperature at ^0 K, because this value, combined with the CH^ saturated vapor 
pressure (20 mbar) gives the correct column abundance (2 km-atm). As discussed by 
Danielson et aL (1973), this temperature also leads to a rc.-asonably accurately balanced 
global radiation budget for the model atmosphere and surface. 

The inversion model has been successful in explaining the infrared emission of 
Titan. Figure 1 shows the 8~14pm region, with the model compared to Gillett’ s 
(197.5) data. 

The emission peaks centered at 7.7pm, 12.2pm and 13.7pm in the model are due 
respectively to CH^, CgHg (ethane) and (acetylene). Ctl^D and ha^:? not 
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been included in the model. Between the peaks, the tmtsslon is due to tte 
(ultraviolet-absorbing) dust. This effect ;s more evident ir» tiie ne.xt figure. The 
surface in the model is too cold to influence the c-niissicn shown in Figure 1. 

Figure 2 shews tile computed emission out to 40 um. Ine dust has beeii taken to 
have a temnerature of .'60K, with an emissivitv’ proportional to ' /X. This i? a simpli- 
fying approximation, oonsistert with an index of refraction that is cor.3tant with 
wavelength. 

The surface is mcdelled as a black body with unit en<issi\ity at 7SK. k.This value 
will be discussed presently.) In the model, most of the radiation at 20pm is due to the 
dust: and beyond 40 pm, 'most is due to the surface. 

The parameters of any model fitted to reflected and emitted l«ght from a pUuiet 
are sensitive to the radius. A flux is the measured datum, but the radi:::s is required 
for computing the physically meaningful quantities, brightness and albedo. In I'efinipg 
the ordinal inversion inodel, Caldwell (1977) used the occultafion radius of 2900 km 
measured by Ellioi et al. (1975) for the effective radiating layer and the effective reflect- 
ing layer of the atmosphere. The surface radius is unknown, but for a specitic value 
of the surface radius, a definite surface temperature can be orticulated that ‘jalances 
the absorbed and emitted radiation. With the vapor- pressure equilibrium envisaged in 
the model, this also determines the surface pressure and column abundance. 

CaldwtJll (1977) chose a baseline model with a surface radios of 270U km, leading to a 
surface temperature of 78 K, surface pressure of 16 mbar and column abundance of 
1. '3 km-atm. The amount by which these values change as a function of surface radius 
is summarized in Figure 3. 

In thv* Inversion model as described above, there ai'e no clouds of condensate 
particles. This is not unreasonable, even ihough the entire surface is postulated to be 
in vapor pressure equilibrium with the atmosnhere, because the high altitude heating 
may be sufficient to cause a positive temperature lapse rate everywhere. Sr'ch an 
atmosphere would be extremely stable against vertical convection. 

If the radiative interchai^e between surface and atmosphere is such that a 
condensation cloud forms at low altitudes, the basic features of the m^del would not 
change greatly. The situation where a major coii.stituent of an atmosphere is condens- 
able has been discussed bv Lewis and Prinn (1973) and Hunten (1977). 

Because of the postulated vapor pressure equilibrium, the atmosphere will act 
as an effective thermostat, to keep the surface everywhere isothermal at the tempera- 
ture determined by the global average visible transmission of the atmosphere and by 
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the downward infrared atmospheric emissicm. Any local regicm that found itself 
departit^ from the mean temperature in either sense would attempt to adjust its local 
vapor pressure by increased condensation or sublimation. Because of the sharp varia- 
tion of CH^ vapor pressure with temperature, winds wtaild arise to restore an isobaric 
surface c<mdition. The substantial latent heat of phase change of CH^ would oppose the 
hsrpothetical temperature differential, and the local transient winds would continue until 
the differential disappeared. 

In particular, Danielson et dL (1973) have shown that the atmosfdiere won't 
condense at the winter pole of Titan, because that pole never cools down. Assuming 
that the obliquity of TUan is the same as Saturn's, they calculated that about 5 percent 
of tfie atmosdiere would condense on the winter polar during that season, without 
changing the surface temperature. This must be replenished by sublimation in the 
other hemisphere. Hie operative criterion in this calculation is that the surface cannot 
dissipate the latent heat of condensation faster than a blackbody at 80 K can radiate to 
space. 

The assumption concerning the obliquity of Titan is not critical. For any 
geimral orientatiem of Titan's polar axis, precession will alter Titan's seascmal year, 
but most prdbably not enough to matter. 
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If the obliquity assumption is even approximately correct, then each Titan pole 
at its summer solstice will experience ihe largest diurnally-averaged solar flux of any 
point on the surface. Thus there are probably no absolute sinks of CH^ on Titan. At 
some point during a Titan year, all locations will sublime some CH^. However, on an 
annual average, the poles receive less flux than the eqaator, so there will be a steady, 
cumulative mowment of CH^ from the equator to the poles. 

This situation is clearly statically unstable. Titan will respond by an equator- 
ward flux of CH^ glaciers to maintain its spherical shape. One effect of this motion 
will be to overturn the surface layer continually. Dust particles settling on the surface 
will not pave it over. The surface will not be hermetically sealed from the interior, 
and there will be fresh CH^ exposed to the atmosphere to replenish those molecules 
irreversibly lost to photochemical action. 

An alternate surface scenario, sugigested by R. E. Danielson is that a modest 
greenhouse effect could raise the surface temperature to =*90K, the CH^ triple point. 
This w’ould permit the formation of CH^ oceans. In this case, ocean currents, and not 
glaciers, w'ould recycle the CH^ to the equatorial zone. 

RECENT DEVELOPMENTS RELATED TO THE INVERSION MODEL 
1 .. The Hydi*ogen Abundance. 

Recently, Miinch et al. (1977) observed the (3-0) Si quadrupole line region 
on Titan, and found no evidence for absorption there. They established 
a 3a upper limit corresponding to a column abundance of 1 km-atm. This 
result differs from Trafton’s (1972a) finding of 5 km-atm. It could 
represent an exotic variability on Titan, but the preferred interpretation 
of the author is that it means there is little and possibly no H^ there. 

Miinch et al. (1977) had superior spectral resolution to Trafton (1972a), 
and Trafton required a sophisticated statistical analysis to extract 
information not e\ident in the raw data. 

If true, the new' result of Miinch et al. (1977) does not directly alter the 
inversion model. As Danielson et al. (1973) stated: ’’Although no H 2 is 
required, the presence of seme H^ as reported by Trafton is readily 
accommodated." However, the absence of Hg will provide an obstacle to 
all greenhouse models which require it to provide opacity between 
15#mi and 35 pm. As wall be discussed below, an atmosphere free of Hg 
could have important photochemical implications. Further, it has been 
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a continuing problem (Hunten, 1977) to understand how an appreciable 
steady-state concentration can accumulate on Titan because of its rapid 
loss to space. 

2. The Methane Abundance. 

Trafton (1972b) estimated the CH^ column abundance to be 2 km-Amagat if 
CH^ is the only major constituent of the atmosphere. Lesser abundances 
would haw been allowed if there was another major gas to broaden the 
lines of the band of CH 4 observed by Trafton. 

Lutz etal. (1976) derived a CH^ abundance of 80 m-A, thereby 

implying the presence of ^20 km-A of some other gas, such as or Ne. 

Their result came from laboratory and planetary observations of the 

visible and near infrared overtone and combination bands of CH.. Their 

4 

two kinds of observations were scaled by a simple reflecting layer model 
for Titan's atmosphere. 

However, Podolak and Danielson (1977) and Podolak and Giver (1978) 
have aigued that the reflecting layer model is inadequate to represent all 
the CH^ bands observed on Titan. These bands vary in intrinsic strength 
by several orders of magnitude. Even the strongest of them in Titan 
spectx'a have finite residual central intensity. These papers explain the 
central band reflectivity as being due to backscattered light from the same 
dust particles that cause the previously discussed ultraviolet absorption. 
The change in optical properties from ultraviolet to red is due to the 
assumed variation of the imaginary index of refraction of the dust with 
xvavelength and also due to the modelled particle size distribution. By 
judiciously limiting the permitted particle sizes, Podolak and 
Danielson (1977) find that ultraviolet photons see the particles as large 
compared to wavelengfth, and hence experience strong forward scatterir^, 
whereas red photons see small particles and are isotropically scattered. 
Podolak and Danielson (1977) simultaneously explain most of the CH^ 
spectral features and the continuum variation in albedo with their dust 
model. They require a CH^ column abundance »1 km-atm. 

Podolak and Giver (1978) have modified the model by confining the 
dust to the upper layers of Titan's atmosphere. This is reasonable if 
the dust is formed at high altitudes, grows continuously in size, and 
settles rapidly to the surface after reaching a critical size. This 
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adjustment increases the observed strengths of «<eak bands relative to 
strong ones. They ultimately derive a CH^ abundance of at least 
2 Icm-A. 

When the results of Podolak and Giver (1978) are combined with those 
of Trafton (1972b), the inversion model, with its column abundance of 
2 km-A, is entirely consistent with the methane absorption specti'uir . 

3. Dust. 

One of the interes*^ing claims of Podolak and Danielson (1977) is 
that the continuum reflectivities of both Titan and Saturn from 2500A 
to 10,000 A can be explained by dust particles with the same optical 
properties for both planets. The only changes required are in the total 
amount of the dust and its vertical distribution. While this conclusion 
is not universally accepted (Scattergood and Owen, 1977; see also the 
discussion below), it will be stipulated for the present for the purpose 
of illustrating, if not proving, a point. 

Although Saturn's atmosphere show's pronounced variations in color 
according to season, its equator is usually ver>' dark in the ultraviolet. 
The standard interpretation is that this corresponds to a latitudinally 
restricted concentration of dust {articles. However, photographs taken 
through a narrow'band filter in the strong 8900 A CH^ band show' the 
equatorial region to be relatively brighter than the rest of the planet 
(Owen, 1969). 

Although Owen interpreted his observation as a h^h-altitude CH^ 
condensation cloud at Saturn's equator, more recent models 
(e.g. , Caldwell, 1977b) do not favor this interpretation. The one-way 
optical depth for absorption in this band is probably in the range from 
1 to 3 above the cloud tops. It is more probable that Owen (1969) has 
actually recorded scattered light from high altitude dust particles. 
Unfortunately, it is not now' possible to exhibit such an effect visually for 
Titan, because of the limits of spatial resolution. This alternate 
interpretation of Owen's results supports the concepts of Podolak and 
Danielson (1977) and of Podolak and Giver (1978). 

Laboratory experiments on dust particle formation haw recently 
been {>erformed by Scattergood and Owen (1977). They used high energy 
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proton bombardment of simulated planetary atmospheres to dissociate 
such species as and and then observed the 

resulting particulate formation. Their work was an advance over that of 
Khare and Sagan (1973) because Scattergood and Owen could initiate 
reactions in mixtures excluding the long wavelength photon acceptors 
NHj and H 2 S. Because of experimental difficulties, Khare and Sagan 
required these molecules to absorb light loi^ward of 3000 A before they 
could initiate any reactions. Chang (this volume) has fiiither discussed 
the relevance of high energy. 

Scattergood's and Owen's result indicate that particles suitably 
colored to reproduce observed planetary reflectivities from visual to 
ultraviolet wavelengths do not form unless such species as N 2 , 
or H 2 S are present. Specifically, they claim that simple mixtures of 
H 2 and CH^ do not produce particles with the required coloration. 

The inversion model can readily accommodate minor amounts of most 
of these gases without changing the basic features of the model. However, 
they could not be major species, or the simultaneous satisfaction of the 
limits imposed by Trafton (1972b) and by Podolak and Giver (1978) would 
be impossible. N 2 has a high vapor pressure, and could be the remnant 
from primordial NH^ previously photodissociated. H 2 S also has a higher 
vapor pressure than NH^, and is not excluded by any spectroscopic 
observations. It could conceivably have a source in the interior of Titan. 

IMMINENT DEVELOPMENTS IN TITAN STUDIES 
1. Ultraviolet Spectroscopy. 

Chi January 26, 1978, the International Ultraviolet Explorer was launched 
successfully. This satellite will extend the wavelength range and the 
resolution significantly beyond the capabilities of OAO-2 (Caldwell, 1974, 
1975). The possible detection of Rayleigh scattering below 2600 A and of 
spectral signatures of specific molecules could lead to model 
constraints too various to outline here. Titan is a high priority target 
for the lUE, so significant results may be expected soon. 
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2. Radio Wavelength Observations. 

At millimeter and centimeter wavelengths, it is a fair prospect that 
Titan’s atmosphere will be transparent. Measurements there offer the 
possibility of sampling the surface unambiguously and of differentiating 
between candidate molecules. A major problem has been that diffraction 
makes the detection of a relatively weak signal from Titan difficult in the 
presence of the very strong concision from Saturn itself. 

Existing and future radio observations are summarized in Table 1. 
Briggs (1974) used the NRAO Interferometer at Greenbank with three 
baselines of 0. 5, 1.9, and 2.4 km, observii^ at 3.7 cm for 19 hours. 
Scaling his result to the baseline surface radius of 2700 km (Caldwell, 
1977a) gives a brightness temperature of 99 ±34K. This result supports 
the inversion model. The limiting factor in Briggs’ work is signal to 
noise. 


Table 1. Radio Observations of Titan 


Reference 

Instrument 

Wavelength 

T * 
B 

Limitations 

Briggs (1974) 

NRAO Interometer 
(Greenbank) 

3.7 cm 

99 ± 34 

Signal to Noise, 
confusion wdth 
Saturn 

Conklin 
etal. (1977) 


3.3 mm 

213 ± 38 

Confusion with 
Saturn 

Jaffe 

etal. (1978) 

VLA 

1.3, 2, 6 cm 

90 ± 30 

Signal to Noise 

— 

Bonn 100 m dish 

1.3 cm 

— 

No Data Yet 

* Assumed surface radius = 2700 km 





Conklin et al. (1977) used the 36-foot millimeter dish at NRAO 
Tucson in the photometer mode. They made two observations three months 
apart. Saturn w^s out of the primary beam, but currently unmeasured side 
lobes can generate 200% systematic errors from such a close, bright object. 
Conklin etal. were careful to measure the background after Titan had moved 
away, but they cannot rule out temporal changes in the side lobes. The 
measurements were in two broad bandpasses near 3.3 mm, with the 
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resulting brightness temperature of 2lS 38K for a surface radius of 
2700 km. 

If their measurement represents the surface temperatures, as 
Conklin et aL (1977) conclude, then the inversion model would need a major 
revision, along the lines suggested by Figure 20.2 of Himten (1977), or 
Hunten's article in this volume. 

The disagreement between the two published observations could be real 
because they are at different wavelengths, but the requisite atmospheric 
opacity to produce such numbers seems unphysical. Further observations 
were clearly needed. Recently, Jaffe et al. (1978) used the Very Large Array 
interferometer at Socorro, New Mexico to remeasure Titan at 1. 3, 2 and 
6 cm. The total observing time was 35 hours on three nights, including 
simultaneous observations at different wavelengths on one night. From 
night to night, between 4 and 8 dishes were available, with baselines up 
to 10 km. Ultimately, 27 dishes with baselines up to 35 km will be 
operable. Currently, signal to noise limits the data, but since this 
improves as the square of the number of working dishes, this problem will 
eventually diminish greatly. Confusion with Saturn is of relatively low 
importance. In fact, the instrument will eventually be capable of measuring 
the radius of the surface of Titan. 

Preliminary analysis of VLA observations at 6 cm indicates a nominal 
brightness temperature of 90 K ± 30K(lo) for a surface radius of 2700 km, 
with an upper limit of 180 K (3<r). This is in good agreement with Briggs 
(1974) but disagrees with Conklin et al. (1977). Further analysis, to reduce 
the remaining uncertainty, is underway. 

Finally, it is noted in Table 1 that the 100 meter dish in Bonn will also 
be capable of making useful measurements for Titan, but such measurements 
have not yet been done. 

SUMMARY AND PROSPECT 

Pending a clarification of the radio brightness measurements outlined immediately 
above, the inversion model for Titan, as proposed by Danielson et al. (1973) and modified 
by Caldwell (1977a), remains completely viable. Baseline parameters of the model 
are: surface temperature = 78 K; coliunn abundance of CH^ =1.6 km-atm; surface 
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pressure = 16 mbar. Engineering studies for Titan probe missions must consider 
these numbers. 

It is probable that Titan is a highly evolved planet. It is different from the 
Jovian planets in that significant quantities of its atmosphere can escape over the life 
of the solar system. It also lacks a means of thermally recycling atmospheric dust 
particles to fully reduced compounds in its interior. It is reasonable to expect that the 
current wide range of Titan atmospheric models will soon be narrowed greatly. When 
this preliminary phase is complete, future studies should address the task of 
unravelling Titan's evolutionary history. Direct exploration by space vehicles seems to 
be the only means available for doing this. 
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ABSTRACT 

The brightness temperature of Titan at 3 mm wavelength is anmnd 200 K, 
according to Ulich, Conklin, and Dickel (1978). Although an earlier 
measurement by Briggs is much colder, we ack^t 200 K as the surface 
temperature and build an atmospheric model with a surface pressure of 21 
bars. CH 4 clouds form between 100 and 120 km altitude. The visual limb 
is near 200 km. The methane mixing ratio is 0.25% above the clouds and 
7% below; the dominant gas is assumed to he Nj. - 'le thermal opacity is 
due to pressure-induced absorption in Nj and a trace (0.5%) c ** **- with 
some help from cloud particles; unit opacity is reached at 600 mbar, 1 lU km 
from the surface. The radius of the solid body in this model is 2700 km, in 
reasonable agreement with 2600 km obtained if the density is the same as 
that of Ganymede and Callisto. Deeper atmospheres can be obtained if the 
temperature gradient is subadiabatic or greater CH 4 abundance is assumed. 


INTRODUCTION 


It has been clear for some years tiiat a deep, cloudy atmosphere, with a surface 
pressure of many bars, was not ruled out for Titan by any existing data (Lewis and 
Piinn, 1973; Pollack, 1973). On the other hand, no data required it. Recently, 
however, Ulich et dL (1978) have obtained a 3-mm br^htness temperature of 200 K. 

It is, therefore, worthwhile to eiqilore the properties of a deep atm isphere in some 
detati. The model has quite a bit in common with the established picture of Venus, 
with a surface temperature 3-4 times the eCGective temperature, and a dense cloud 
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layer tens of km deep. Because of the lower gravity, however, this depth is achieved 
with a lower surface pressure, only 21 bars. 

Since the next three sections are devoted to a variety of detailed discussions, 
we refer ahead to the final model illustrated in Figure 3. There is a clear layer 
100 km deep composed of N2 ^ ^ Dense methane clouds form at 

100 km and extend up another 10-20 km. Their top is diflfuse enough to have an impor- 
tant effect on the formation of the observed absorption bands. We do not treat the 
question of how' much solar radiation penetrates to the surface to drive the greenhouse, 
but w« can appeal to the anal(^’ with Venus to suggest that the mechanism is at least 
plausible. 

The model presented here is far from unique, but we feel it to be conservative, 
in the sense that any plausible variant with a 200 K surface would have a still deeper 
atmosphere and greate’- surface pressure. An absorbing layer at the 200 K level is (me 
possibilify; another has more methane vapor, which increases die scale height and 
gives a deeper region of small (wet adiabatic) lapse rate. Or the lapse rate could be 
less than the adiabatic. 

A summary of numerical data for Titan is given in the Appendix. Earlier 
review's appear in the books edited by Hunten (1974) and Bums (1977). We make no 
attempt to summarize this material, but some of it is surveyed and updated in the pre- 
ceding article by Caldwell. 


THE RADIO DATA 


The brightness temperature T^ deduced from a radio flux measurement is 
inversely proportional to the sqture of the assumed radius. Table 1 shows die data of 
Ulich et al (see also Conklin el al., 1977) and Briggs (1974) as given and as converted 
to a radius of 2700 km, justified below. 


Table 1. Radio Data 


Source 

Wavelength 

(mm) 

tb 

(K) 

Radius 

(km) 

T„ (2700) 
(K) 

Ulich et al. 

3 


2900 

231 

Briggs 

37 

103 

2530 

115 
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Although each result has fairly lai'ge error bars, tiiey do not overlap. Sin^ we do not 
know Ik>w to resolve the discrepancy, wo take a round value of 200 K for the present 
work, assuming it to be the surface temperature. The bias above the men of the data 
is partly to account for an emL««ivi^’ less than 'mi>.*. radiatii^ layer could also be 
within at3ncs|>h;s^e if thCie is enough mtcrow’avc opacity, dt^ perhaps to NH^. For 
convenience, however, we shall use the term * surface". A lower temperature, if 
required by later data, is readily accommodated by inserting a new "surface" at the 
appropriate height. 

COMPOSITION OF THE VISIBLE ATMOSPHERE 

Quantitative interpretatiim of the "red" bands of CH4 (which extend from 4410 
to 9000 A) has only recently become possible through the laboratory work of Lutz. 

Owen, and Cess (1976) (hereafter. LOC), Fink, Benner, and Dick (1977), and Giver 
(1978). For practical purposes, the absorption at each waveleng^ is purely exponen- 
tial and independent of pressure; an observation of Titan, ttierefore. gives a methane 
abundance, and LOC obtained SO m-A (meter-Amagat). Lines of the band are 
pressure-dependent in a known way; LOC used a result by Trafton (19? 5b). with their 
methane abundance, to obtain a total abundance of 21 km-A (if the major gas is N2); ttie 
corresponding pressure is 300 nibar for a gravity’ of 117 cm and the CH^ mixing 
ratio 0.4^'. There is no direct evidence that the gas is N2. but we feel the indirect 
arguments for it are strong (Hunten, 1973, 1977). 

This analysis assumes that the visible atmosphere is a clear gas above a dis- 
crete cloud top; the reflecting layer model or RLM. If, on the other hand, the cloud 
top is very’ fuzzy, the homogeneous scattering model or HSM is moi'c appropriate. 
Indeed, Trafton (1975a) has already clearly demonstrated that the RLM does not fit the 
data; the analy’sis below’ merely substitutes laboratory data for the Saturn data he was 
forced to uce. A crude HSM analysis has kindly been carried out by’ L. Wallace, as 
illustrated in Figure 1. The residual intensities, as a fracticn of the nearby continuum, 
were estimated for several wavelengths from the spectra published by Trafton (1975a), 
and were plotted against the laboratory absorption coefficients of Giver (1978). It can 
hardly be claimed that the HSM. represented by' the solid curves, is a good fit to the 
points, but at least it is much better than the RLM, w’hich is simply an exponential. 
Some of the discrepancies may derive from the assumed location of the continuum at 
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longer waveienglte: it may be tiiat the continuum is never reached. The best fit lies 
between the two curves of Figure 1; we adopt a specific methane abundance M of 
150 m-A per mean free path. 

To interpret tte 31^3 line, we use flie curve of growth (Oieir Figure 12) derived 
by Wallace and Hunten (1978), which takes account of the varying pressure through the 
scatterii^ atmosphere. With the specific abundance and equivalent width as input, we 
get a value for pj^, the pressure at unit scattering optical depth. For this first rough 
analysis, we divided Traflon’s (197%) equivalent width of 1.0 A, and the laboratciy 
strength, by 2, since the line can be approximated as a doublet with only slight overlap. 
The broadenii^ coefficient at 1 bar is a® = C. 16S cm“^ for N2 at 100 K (Damton and 
Margolis, 1973). ‘Ihe '.esuU is p^ = 900 mbar; the abundance corresponding is 
63 km-A which, like die CK^ specific abundance, is referred to unit mean free patii. 
The ratio, 0.24%, is dierefore, the CH4 mixing ratio according to the HSM. It makes 
little difference whether we use die RLM or die HSM, but we shall adopt the latter 
value, which is clearly uncertain by at least a factor of 2, 
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Methane photolj'sis and escape of the resulting H2 gives a predictable H2 mixing 
ratio of 0.47*7 (Hunten, 1973, 1977). Our picture of the visible atmosphere is 
therefore: 

- A gas, predominantly K2 containii^ 0.25^ CIl^ and 0. 5fx H2: 

- A cloud (argued below to be mainly Ikjuid CH4) uitii a very diffuse top, and 
unit optical depth at 900 rabar; 

- A haze of *'Axel dust" (Danielson et oL, 1978; Caldwell, 1977) extending well 
into the stratosphere. Since it is probably a mixture of methane photolysis products, 
it is likely to dissolve readily in the methane cloud droplets and give them also a dark 
color. 

Elliot, Veverka, and Goguen (1975) have obtained a radius of 2900 km by analysis 
of a lunar occultation. It is hno^^m that a scattering atmosphere closel}' resembles a 
Lambert sphere, ttte model that was used (Harris, 1961). But what pressure level does 
the radius refer to? A ray grazing the limb encounters unit optical depth due to mole> 
cular scattering alone at a pressure of 50 mbar. hi Titan's impure atmosphere, th^ level 
might be higher by 1 or 2 scale heights, or the pressure as low as 10 mbar. About 4 
scale heights, or 100 km, separate ttiis level from the 900 mbar level; the latter is, 
therefore, close to 2?00 km radius, a value we henceforth adopt. 


FAR-INFRARED OPACITIES 

It is now necessary to tie the optical structure to the thermal structure. As on 
I’enus, a high surface temperature can be sustained only 1^ a large opacity, probably 
greater than 100, through the whole thermal infrared. Pollack (1973) has laid much of 
the groundviork for study of a Titan greenhouse. We have simply adopted his illustra- 
tive result for pressure-induced absorption in II2, scaling tte factor 2. 67 (Kiss, 
Gush, and Welsh, 1959) appropriate for collisions with N2 instead of H2. Nitrogen 
opacity (Bosomut>rth and Gush, 1965) dominates at the lower frequencies below 
330 cm~l, and totally suamps the CII4 absorption which has a similar shape. 
Bosomworth and Gush give N2 data only at 298 K; we have omitted the temperature 
correction to both width and strer*]^h of the absorption, discussed by them and also Ity 
Pollack (1973). The adopted curve is shown in Figure 2. 

As found below, the gases alone have plenty of opacity to blanket the warm sur- 
face. But it is known that the structure due to the H2 S(0) and S(l) lines does not appear 
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in Titan’s thermal emission specti-um (I’oIInck, 1973; Ixnv and Rieke, 1974; Hunten, 
1977). It is reasonable to suppose that tlu' eloiid particles provide enough opacit\' above 
350 cm~l tu smooth out the structure. Liquid methane ahmt' would not Ix' adequate, 
but the dissolved hydrocarbons already roterred to might give enough absorption at al! 
fiequencies. Following Hanielson et al. (1973). w have adopted the curve shown in 
Figure 2, with opacih' proportiemal to frequency, I’se of the IISM implies uniform mix- 
ing of particles and gas: if, however, the particle mixing ratio increases downwards, 
the corresponding absoi^ption can be cnidely repivsented in thr' same terms as the N 2 
absorption. 

We now form the Rosseland m.ean of the data in Figuiv 2 (e.g. , Sohwarzschild, 

1958): 


_L f <!5_ 

where x = hr/kT and A is the absoiption coefficient. Without cloud opacit\-, the 
result is 


( 1 ) 


A r 


1.87 X 10"' cm 
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with clouds included, we have 

A = 3. 10 X 10"^ cm'^ A"^. 
c 

The level having temperature the effective temperature, is taken at the depth where 
the optical depth r is unity. For pressure-induc^xl absorption, 

T - ^ wVj). m 

where H is the scale height and w(N2) is the abundance. Solving for the latter, and 
converting to pressure, we find 

p = 790 mbar (no cloud) 

= 610 mbar (with cloud) 

We adopt the latter estimate and give it the equilibrium temperature 77 K. It is slightly 
above the 900 mb level that has unit cloud o{^cal depth in the red. For tlie strato- 
sphere we simply accept the thermal-inversion model of Caldwell (1977 and preceding 
chapter of this volume). 

THE DEEPER ATMOSPHERE 

We shall, somewhat loosely, use the name "tropopause" for the point (610 mbar, 
77 K> just derived. For the deeper structure we assume an adiabat, making allowance 
for tte latent heat of condensation of the methane that forms the cloud. 

Sagan (1969) has given a conveniently parameterized discussion of radiative and 
convective temperature gradients, and finds them so nearly the same that the tropo- 
pause location is often very sensitive to small changes. Conversely, the profile is 
insensitive to just where the tropopause occurs. 

As a first approximation we neglect latent heat and find the pressure that cor- 
responds to 200 K. The adiabatic lapse rate for N_ is F = pg./C = 1. 16 K/km and the 
scale-height gradient is ^ = -1/3.5. With the standard expression (e.g. , Hunten, 

1971) for the larometric law, 

we can substitute ttie ratio of temperatures (200/77) for H/H^ and obtain a pressure 
ratio of 28. 2. This estimate of the surface pressure is tiierefore, 0. 61 x 28. 2 = 17. 2 
bars, .'\fber allowance for condensation as described below, a better estimate is 19.7 
bars of N2. A possible surface material is methane clathrate hydrate, whose vapor 
pressure is 1.38 bars at 200 K (see Appendix). The atmospheric composition at the 
surface would thus be about 6. 6% CH4, 93^ N2, which gives a total pressure 
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Pg = 21. 1 bars, as well as plenty of material to condense into the clouds. Since the 
vapor pressure of CH 4 is about 2 orders of magnibde greater than tiiat of clathrate, 
there will be an exteikled clear region above the surface. Once ti» cloud is reached, 
the dry adiabat used for the preliminary estimate is not satisfactory. Various expres- 
sions for the wet lapse rate appear in the literature (Brunt, 1933, 1939; Danielson 
et a/., 1977), but the best seems to be that of I^ker (1963). In practice the differences 
are minor, especially since the fate of the condensate is uncertain. If it falls out or 
remains at the height where it condenses, it? specific heat should be omitted, and the 
curve is called a "pseudoadiabat". If the ccmdensate moves with the gas. the situaticm 
is truly adiabatic. Lasker's expressicm for Qie pseudo-adiabat is 


a _ d In T _ 1 Y(1 + ot) 

^ ' d In p “ (Cp/R) + y a(l + a) " 


(4) 


Ifere ^ is the same quantity used in (3), vdiich, luiwever, is valid only over a r^on 
Aj^herc p is constant. Hie specific beat pertaim to the mixture of gas and vapor; 
y is the mixing ratio fCH 4 ] / [N 2 ] ; and -a is ffie exponent in the vapor-pressure rela- 
tion. For CH 4 , a= 1024/T (see Ai^miix). As suggested by Lasker, a suitable method 
is to find the (T,p) relation frmn (4) and then obtain tiie height scale from the hydro- 
static equation. Where is indepeiKlent of height, (3) may be used, and it gives useful 
accuracy even where p is slowly varyii^. In ffie present case, y varies from 0.070 to 
essentially zero and a ^ 12. 5; - jS is 0. 282 below the cloud, and drops to 0. 127 at the 
cloud base, back to 0.286 above the cloud. 

Figure 3 shows the model. The vertical scale is linear in tiie logarithm of 
pressure, with an auxiliary Nonlinear) height scale. The Danielson-Caldwell strato- 
spheric model does not specify a pressure scale; the one adopted is by analogy wiffi ffie 
Jupiter model of Orton (1977). 

The cloud base is at 103 km and has a methane partial pressure of 70 mbar at a 
total pressure of 1080 mbar. The potential cloud mass is the amount contained in a scale 
height, or 600 g cm~^. In the form of 10 pm diameter droplets, this amount would have 
a scattering optical thickness of over 10 ^. Thus, most of it could precipitate out and 
still leave a very respectable cloud. The temperature is 87 K, somewhat below the 
freezing point (89 K); the form may ther^ore be either crystals or supercooled drop- 
lets. The level found in Section 3 for unit 0 |Aical depth in the "red" is a few km above 
the base, a reasonable location. 
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OISCITSSION 


As pointed out in the Intrt^uotion, the pi'esent model is conservative in the 
sense that any other that tcives a "surface** tem^ierature of 200 K roquiix»s an even 
deei>er atmospheix'. A totally different aiiiument is to estimate the radius of solid 
Titan from its known mass and a reasonable me:m densih'. For the latter, ne take 
Callisto ;uid Cuxnymedo as ahaKi»is. weijrhtins the densities of Morrison cf ai. (1977) 
inversely by the stated errors. The i\?sult (1. S9 g cm~3) combines with a mass of 
1.40 X 10--'’ jj to jjive a radius of 'JOOo km. A 10\ chaiifre of densih' reflects into a 
radius change of km. Titan is likely to be less dense, if anything, than any Galilean 
satellite; if so, a reasonable range for the radius is 2000-2700 km, which just includes 
the value from tl»e atmospheric model. 

The vapor pressure of Nlfg dissolved in ice is roughly I inbar at 200 K. Tne 
mixing ratio could thus be around 5 x t0~'*. The optica! depth of this amount is about 
S at 3 mm wavelength, according to the approximate treatment of Field (1959). Per- 
haps the ammonia is kept out of the atmospliere by a layer of hydrocarbons on the sur- 
face. 

Much of this paper is built on the assumption that the surface temperatui'e is 
200 K, as suggested by the microw:ivo obseiwations. The issue of ammonia opacity 
only serves to point up the crucial nature of such data, and the importance of data at 
other wa\x* lengths. The dis;igreement shown in Table 1 is particularly disturbing, and 
a resolution is badly needed. The measurements are, however, so difficult that 
progivss is sure to Ix' slow. Ammonia opacity cannot be called on, because it is nearly 
the same at the two wawlengths. The preliminary results reported by Caldwell 
at the end of the preceding chapU'r support a lowv'r temperature, although they would 
still jx'rmit it to tx’ alxne 150 K. Howwer, a temperature of, say, 100 K c:m be 
accommodated b\ placitig tiie surface at 2 ixirs in' v“<5 km in Figure 1. rhc model is 
unchanged at greater heights. 


Added after the Workshop: 

Shortly after the Workshop, a preprint by Podolak and Giver (197 S) became 
available. Ihis work, an extension of Pixlolak and Oanielson (1977), adopts as its model 
an atmosphere of pure CII4. 2 km- A deep, with a layer of Axel dust (x*cupying the top 
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50 m-A. This dust is nearly opaque in the blue, grading rather suddenly in the red to 
essentially transparent in the infrared. The surface (or cloud top) has an albedo of 
50-60‘I. An excellent fit is obtained to the observed CH 4 bands from 5000 to 10,000 A. 
Although the 81/3 band is not discussed, the model is consistent with Trafton's analysis 
for a reflecting-layer model, which requires 1. 5 km-A if the atmosphere is pure CH 4 . 
At this and longer wavelengths, the Podolak-Giver model reduces to a reflecting layer. 

How might a choice be made between this model and the one described here? 
They were both fitted to the same data; thus we require some additional information. 
Two recent lines of evidence can in fact be brought forward: ( 1 ) the work of Rages and 
Pollack reported in Chapter 11 of this volume; (2) spectra of the 1-3 gmi region. 

Rages and Pollack find the mean particle radius to be 0 . 2-0.4 pm, and strongly 
exclude the value (slightly under 0. 1 pm) required by Giver and Podolak to obtain the 
necessary optical properties. 

The infrared spectra, shown in Figure 4, were obtained U. Fink and 
H. Larson in 1975, and are reproduced here 1^' their kind permission. 

A detailed analysis has not yet been done, but two facts stand out clearly; 

( 1 ) The Titan spectrum is utterly unlike the laboratory spectrum of 1 . 5 km-A 
of methane. 

(2) The closest analc^ to Titan in this spectral r^ion is Neptune. 

The laboratory spectrum is the analog of a clear atmosphere of pure metiiane 
(the Podolak-Giver model at these vrave lengths). Neptune is an analog of a deep scat- 
tering atmosphere with a small fraction of methane. Although the major gas is 
assumed to be H 2 -He on Neptune and N 2 on Titan, the important thing is the scale 
height, not the composition, and the scale heights are rather similar. These argu- 
ments strongly suggest that the deep, N 2 -Cii^, atmosphere is preferred over the 
pure-CH^ one. A detailed analysis is highly desirable, but in this spectral region 
it is very difficult because of the fine structure of the bands. 

A direct comparison of a laboratory spectrum with Titan may be misleading 
because of the gross differences in the temperatures and pressures at which the CH 4 
is obseived. It has been shown by Ramaprasad et al. (1978) in a study of liquid CH 4 
that band shapes are somewhat different at 90 K than they are at a room temperature. 
For example, a band may be seen at 9170 A in the spectra of the cold liquid and of 
' Titan which (s completely masked by the wing of the strong band at 8890 A. The 
sensitivity of the populations of high J levels to temperature must be accounted for 
before a truly meaningful comparison can be made. 
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Figurt 4. 1-2 5 fim spectra obtained tn by U . Fink and H. Larson, reproduced by their kind 

permission. A solar-type star shous the atmospheric transmission. 
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Clearly, all this evidence refers only to the region that can be probed 
optically, and bears only on the composition of tliis legion. The issue of the surface 
temperature and pressure is totally indepei«lent. 

Atreya et al. (1978) have discussed in detail the production of by photolysis 
of NHg, and have found that a surface partial pressure of 14-19 bars could reasonably 
be generated over the age of the solar system. 
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APPENDIX 

Table 2 gives various quantities for three radial distances r corresponding to 
heights of 0, 100, and 200 km in the model. They ai*e the acceleration of gravity g, 
the scale height for pure at a refei'ence temperature of 100 K, tlie base pressure 
for an Ng abundance of 1 km-.\magat, and the dr>- adiabatic lapse rate for Ng. 

Table 2. Quantities for Three Ifadial Distances 


r (km) 

2700 

2800 

2900 

g (cm s"“) 

125 

117 

109 

H (km) 

23.8 

25 . 0 

27.2 

p/N (mb/ km- A) 

15. 6 

14.6 

13.6 

r (dry) (K/km) 

1.20 

1.13 

1.05 


Table 3 gives constants in tlie vapor-pressure equation, p = A exp (-B/T), 
from Delsemme and Wenger (1970) and the H:mdbook of Chemistry and Physics. The 
melting point of methane is 89 K. 

Table 3. Constants in the Vajwr- Pressure Equation 


Form 

A(bar) 

B =oT 

Clathrate 

75,300 

2182 

Liquid 

9,714 

1024 

SoUd 

59,662 

1190 
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ABSTRACT 

This is a reply to the presentations of Caldwell and Hunten and was 
presented as part of the "discussion" ftdiow ing their papers. 


I would like to reply to C?'dw'ell*s and to Hunten's presentations. First, I 
remind j'ou that I have already demonstrated the existence of scatterers in Titan's 
atmosphere in a paper 1 published in the Astrophysical Jouniai three years ago 
(Tratton, 1975b). My conclusion is not affected by recent laboratory investigations 
showing that certain CH^ bands are independent of pressure because 1 showed that the 
reflecting layer model fails to explain Titan's CH^ absorptions regardless on which 
portion of the curve of growth Titan's CH^ lines lie. m that paper, I used Saturn's 
atmosphere along the central meridian as my ’’laboratory" for studies of CH^ absorp- 
tion, arguin g that my conclusion is insensitive to the moderate scattering there. 

The quite pronounced role of scattering in Titan's atmosphere strongly suggests 
that Titan's surface is obscured. This is compatible with the lack of variation of 
Titan's bri^d^tness with orbital phase (Noland et oL, 1974), unless Titan has a feature- 
less surface, because Titan almost certainly rotates synchronously about Saturn. Even 
if a smooth, featureless, or "tarry" surface exists (Hunten, 1973), the scattering prob- 
ably veils ft enough so that the ambiguity in interpreting Veverka's (1973) polarization 
measurements shou. ' be resolved in favor of atmospheric scattering rather than 
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reflection from a smooth surfice. So as the case for a significant haze is strengthened, 

the case for a smooth surface is weakened. 

My second point is that the fact that cerU>in CH^ bands studied in the laboratory 

do not depend on pressure does not alter the CH^ abundances I have derived in previous 

papers. While I concede that laboratory measurements have since shown that certain 

CH^ bands behave like a linear opacity (following Beer's law), at least for the pressures 

and temreratures investigated, it is well known that the R branch of the 3 t'g CH^ band 

devi.'.‘teo fcon chis behavior in the atmospheres of Jupiter and Saturn (Belton, 1909; 

Trafion, i973b) and, consequently, at lower pressures. Tiiat is, the absorption of the 

CH, band depends on the pressure as well as the CH, abundance througSiout the 

physical regime spanning the conditions between the atmospheres of Titan and Saturn. 

In uiy original paper on Titan's bulk composition (I'rafton, 1972), 1 argued qualitatively 

that the bulk of Titan's atmosphere is large because Uic strong CH bands should depend 

on pressure but I derived the quantitative relation between CH, abundance and bulk com- 

4 

position on the basis cf the Q branch of Titan's 3 CH, band, arguing that since the R 

o 

branch is saturated, the Q branch is too. So the recent laboratoiy results refute my 
qualitative argument based on the strong CH^ bands but not my quantitative result based 
on the Q branch of the 3 CH^ band. 

This analysis yielded 1600 m-'* (meter- .Mnagat) CH^ in the case of a pure CH^ 
atmosphere and les« CII^ if another ljuMc constituent is present. In a following paper 
(Trafton, 1974), I revised this figure to 2 km- A based on a correction to the airmass 
factor for saturated bands pointed out to me by Hunten. I also reported three indepen- 
dent observaticMiS of the R(5) manifold of Titan's 3u^ CH^ band and noted that the 
strength relative to Saturn's R(5) manifold was approximately the same as for the 
Q branches, supporting my analysis based on the Q branches. Figure 1 reviews my 
observations of the Q branches and R(5> manifolds. Since only part of the Q branch 
was observed on Titan, owing to the very low signal le'-el, this confirmation was 
important. 

The three independent obser\'ations of Titan's H(5) manifoi I shown arc s-milar, 
giving confidence that their sum is accurate. The Ring spectrum shows the limited con- 
tribution of telluric H^O. The equivalent width of the summed Titan spectrum divided 
by the Ring spectrum is proportional to the product of the effective pressure times the 
CH^ abundance, in the reflecting layer approximation. For homogeneous scaUeriiig, it 

is proportional to tbo effective pressure times the CH abundance along a scattering 
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Fifun I. (at Tht Rl 3 / muaifttU < I09~}A > Ttum't 3fj CH^ henj ^ m rtuiut tm tf 4-0 
A. 7A>«f imitptnJtm attenattum ihi> Kuauf«U shtm-m. Tht ttUant HjO ^h t n ft n m u 
nJi-atiJ hy tht itus «f tht utst nmg tip. Tht fint th^mmti ttraptmdi t* tht jiru chtKitti tf tht 
lauxit Tttat ^pamm. The stale u l.sA-ch. <hi Cem/naTzstm tj a segment ^ Titan's Q ^aach ef 
the iff CHi tana i I Wi-tA I tilth Saturn's Q hramh at a nttlatuM ^6.6A. As far the RtSi 
mani/M the strength is ahaat tun thirds *f shat *f Saturn's ftaturts. assuming a synanetrieai 
pTtpie. The stale is 2.oA:Ch. 


mean £ree path <since in scattering models lines move ov'er to the square ixx^ r^jme 
of the curve of growth for smaller values of the equivalent width [Chamberlain, 1970]). 

In a third pafier, I analyzed the equivalent width of the R(5) manifold to obtain at least 
1600 m-A for the pure CH^ case in the reflecting layer aj^roximation (Trafhm, 1975a). 

The figure 1600 m-A is a lower limit for the bulk atmosphere in this ai^roxima- 
tion. If there is less CH^ than this, there is an even greater proportion of some other 
gas present. This figure can be greater if the local contimnnn in the center of the mani> 
fold is higher than in the wings (because of possible blending with neigfaborii^ features). 
The figure is not likely to be much less owing to superposition of some unidentified 
absorption at the same wavelength as the R(5) manifold because the absorption at this 
wavelength in Titan’s spectrum relative to that in Saturn's spectrum is in essentially 
the same proportion as the Q branches. I have since discovered that telluric OH emis- 
sion from the P^(3) doublet occurs in the blue wing of the R(5) manifold and may raise 
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the local continuum and, hence, the derived equivalent width. The agreement, however, 
of the shapes of the R(3> manifold bct\^een Titan and Saturn indicates that the correc- 
tion for this is small. Consequently, 1600 m-A remains essentially unchanged as the 
lower limit to Titan's visible (1,1 fim) bulk atmosphere or as a rough upper limit to 
Titan's spectroscopically visible CH ^ abundance, according to the reflecting layer 
approximation. 

A more serious objection would be the invalidity of the reflecting layer model 
when the presence of significant scattering has been demonstrated. A scattering anal- 
ysis has not yet been attempted which includes the 3 band. 1 estimate on the 
basis of Titan's low albedo and whole-disk contribution to the spectrum that an analysis 
of the equivalent width of the R(5> manifold using a homogeneously scattering model 
atmosphere will yield a pressure-abundance product comparable with that using a 
reflecting layer model. But now abundance refers to the specific abundance and pres- 
sure to the effective level of line formation. [A crude .analysis along these lines is 
given in Hunten's paper above]. 

.My third point is that at sufficiently low pressures, or for sufficient haze. 

Titan's infirared CH bands mav show a pressure depcndcijce after all. Chamberlain 
<1970) has shown that absorption lines depart from the linear portion of the cum'e of 
growth for smaller values of the equivaleiU width in a scattering atmosphere than in a 
clear one. This is a consequence of the "random walk" character of photon scattering, 
and the effect increases with the mean number of scatterings. 

Figure 2 compares the 0. 9 pm and 1 pm Cti^ bands of Titan and Saturn. It shows 
that the regions of high absorption are anomalously weak in Titan's spectrum. This 
point is reinforced in Figure 3 which plots the mean transmission over a small wave- 
length interval for Titan vs that for Saturn. The mean transmission is defined to be the 
residual intensity' (relative to the appareiU local continuum) averaged over a small 
wavelength inteiw^al. Since a given mean transmission may occur at several wave- 
lengths within the band comple.x, it is surprising that a curve rather than an area results 
from such plots. I have interpreted this behavior both in terms of an elevated haze 
layer (Trafton, 1973a) and as differences in the region of the curve of growth on which 
Titan's and Saturn's bands lie (Trafton, 1975b). An .argument that pressure does play 
some role is that in spite of the significant differences between Jupiter's and Saturn's 
haze distributions, their CH^ spectra are remarkably similar compared to the difference 
between Titan and Jupiter, or Titan and Saturn. It is difficult to imagine an aerosol 
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distribution on Saturn which might duplicate Titon's bi*.nd niorphologj*. Of course, now 
that CH. absorption coefficients are avaiL.oie, the sensitivity of Cll, band shapes to 
aerosol distribution should be tested using model atmospheres to determine whether the 
haze distribution suffices to explain the band sh;ipes. 

My fourth point concerns the e.Kistcncc of the 8151 A feature in Titan's spectrum. 
Although Miineh et al. (1977) have used higher resolution than I have, their spectra are 
too noisy to reveal the weak telluric H.^0 lino at 8151.3 A which should bo visible at 
their resolution and is visible in my lower-resolution spectra having higher sigr ' I to 
noise ratio (Trafton, 1975a). They may have therefore underestimated the uj>per limit 
on the Hg abiaxlance. I feel that ;in upper limit of alx)ut 2 km-.\ is more .appropriate. 

It is important to remember that the e.xistence of a feature at this wavelength 
does not necessarily mean it arises from H^. There are a number of unidentified lines 
in Titan's spectrum near 1.06 pm (Trafton, 1974) and the responsible gas might con- 
ceivably absorb at 8151 A. Giver and Podolak (1977) have shown th.at long-path CH^ 
spectra reveal many lines in this region so CH^ cannot be ruled out as the soui'ce of 
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the feature visible in my specU-a of Titan. iTie s;um* insti'ument has detected the 
slightly stronger (5mA vs Munch's ct al. uppi'r limit of 3 i«A for on Titan! 8(1) line 
of the (5-0) band of H., in Tranus' spectrum (Trafton. 1978). I still believe there is an 
absorption feature at or close to this wavelength; the question is from what gas does it 
arise? 
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ABSTRACT 

Analysis of the absolute value of Titan's albedo and its variation with 
increasing phase angle has yielded constraints on the optical properties and 
average particle size of the aerosols responsible fur the scattering of visible 
light. The real index of refraction of the scattering material lies within the 
range 1.5 ^ n^ ^ 2.0 and the average particle size is somewhere between 
0.2 ^m and 0.4 fim. The amount of limb darkening produced by these 
models leads to an occultation radius of ~'2700 km. 


The reflection of visible light by Titan is believed to be due chiefly to 
scattering by an optically thick layer of particles analogous to the blue absorbing 
"Axel -dust" present in the upper atmospheres of the outer planets. By comparing 
observed properties of Titan with model calculations, we have obtained preliminary 
estimates of some of the properties of the aeixisols, including particle size and 
spectral absorption characteristics. In addition, these characteristics allow us to 
predict Titan's limb darkening, thereby removing an ambiguity in the determination 
of Titan's radius found from lunar occultation obsewations. 

We evaluated the scattering characteristics of our aerosol models with a com- 
puter program based on the doubling method that provides an accurate solution to the 
multiple scattering problem. The single scattering properties of the aerosols were 
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comi^ted using a scheme developed for nonspherical particles (Pollack et d., 1977). 
The free parameters of the model include the real part of the index of refraction n^; 
the imaginary index n^; optical depth of the aerosol layer at a reference wavelength 
of 0.55 pm. T : particle size distribution function f(r), where r is the radius of an 
equal volume sphere; and three parameters, or^, FTB, and SAR, which are related to 
the nonspherical nature of the particles. We used the two parameter size distribution 
proposed by Hansen and Hovenier (1974), £>ince the scattering properties of the aero- 
sol layer depend almost entirely on one of these parameters; r, the ci'oss section 
(geometric) weighted average particle radius. The second parameter b is a measure 
of the width of the distribution function. The nonspherical parameters a^, FTB, and 
SAR are, respectively, the ratio of particle circumference to w'avelength below which 
the particles act like spherical scatterers and above which they depart from Mie 
scattering; the ratio of light singly scattered into the forward hemisphere to that 
scattered into the backward hemisphere for the non-Mie domain; and the ratio of 
actual surfoce area to that of an equal volume sphere. 

In the calculations discussed below, we selected the following values for the 
above parameters: n^=1.3, 1.4, 1.5, 1.7, 1.8, 2.0, 2.5, 3.0;n.(X) to be found 
&om the observations; t = 10 (essentially infinite optical depth); r to be determined 
from the observations; b = 0.05 (a narrow distribution); = 8 (typical of particles 
lacking sharp edges); FTB = 2; and SAR = 1. 3. 

Even though the phase angle dependence of Titan can only be observed over a 
6.5° range from Earth, it is still possible to obtain some information on the mean 
particle size r from this data. The magnitude of the phase angle variation depends 
on the shape of the single scattering phase function near a scattering angle 0 of 180 . 
This in turn depends on r. When a = 2rrr/X«l, where X is the wavelength, the aero- 
sol exhibits a Rayleigh scattering phase function, which decreases only slightly with 
decreasing d when d is near 180°. When a » a^, the phase function increases with 
decreasing 9, but when l<a<a , it decreases significantly as d decreases slightly 

^ ^ t 

from 180 . Thus, the second a domain exhibits the smallest decrease in brightness 
with increasing phase angle (decreasing $ ), the third a domain exhibits the largest 
decrease, and the first a domain exhibits an intermediate behav’^ior. Hence, some 
bounds on r can be obtained from the observed phase effect. 
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We have computed the phase effect of our model aerosol laye for a wide 
range of values of r. For each choice of r, we have evaluated by demanding 
that the computed geometric albedo match the observed value at wat'elength X (Nelson 
and Hai^e, 1978). We compared the predicted phase effects with those observed by 
Noland, et al. (1974) at sL\ wavelei^hs ranging from 0. 35 jum to 0. 75 pm. The large 
decrease in brightness with increasing jrfiase angle found at the shorter wavelengths 
implies that 1 < 5 < or 0. 05 pm < r < 0. 45 pm. Within this size domain it is 
possible to obtain an actual value for r from the data. Figfure . shows a plot of the 
ratio of Titan's disk integrated intensity at 6. 4” and 0° phase angle as a function of 
wavelength. Filled squares and vertical lines indicate the observed values and their 
associated error bars, as found from a least squares fit to the observations, while 
the curves indicate the predicted behavior of several models that come closest to 
fitting the data. The middle curve corresponds to a model with = 1. 5, r = 0. 35pm, 
while the top and bottom curves refer to r = 0. 32 pm and r = 0.40 pm, respectively. 
We see that the middle curve is not only capable of matching the observed phase 
effect at two wavelengths, as might be expected since there are two free parameters 
n^ and r, but is also able to reproduce the observed spectral dependence over all six 
wavelengths. We also see that r can be altered by at most a few hundredths of a 
micron from its optimum value before the fit to the observations becomes unaccept- 
able. However, the value of r can be changed by a somewhat larger amount if n^ is 
also varied. 

In Figure 2, the model curves coming closest to fitting the observations are 
shown for several different values of n^. In addition to the cases shown, fits to the 
observations were attempted using n^ = 1.3, 1.4, 2.5, and 3,0. A refractive index 
of 1.4 or less is unable to produce a phase variation much less than 0.98, which 
makes it clearly unacceptable at the shorter wavelengths. Refractive indices greater 
than 2 yield insufficient variation of the phase fimction with wavelength, a trend which 
can alreac^y be detected in the model curve shown for n^ = 2.0. So judging from the 
results shown in Figure 2, 1. 5< n„ < 2. 0 and 0. 2 pm <t< 0. 4 pm. 

The inferred value of r is consistent with the requirements of the inversion 
model of Titan (Danielson et al . , 1973). This model requires that the mean size of 
the aerosols absorbing some of the incident sunlight be small enough so that they are 
poor radiators in the thermal region of the spectrum, i.e. a « 1 for X ~ 10 pm or 
longer. This condition allows the upper atmosphere to assume higher temperatures 
than the effective temperature. 
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SAMPLE FITS TO PHASE VARIATION 



X, 


Flgurr I. Illustration oj tht pKiSr ifject (aliulattd for Titan a< a tu’ntion ») uatiltn^th. }wr n^ — 
1 . 3 and thrt> Jtffrrent mean partuU siza. The i.ilaes Jtrr.xJ from the ohiertatinm of NolanJ et al. 
( ) arc induated b) filled stfuares u ith error hai > . 
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Figure 3 displays the imaginary index of refraction as a function of wave- 
length, as found by matching Titan's geometric albedo for an assumed visible "sur- 
face" radius of 2700 km. The four curves of this figure correspond to the four models 
shown in Figure 2. We see that the absorption coefficient of the aerosols decx’eases 
by about one order of magnitude between 0. 35 pm and about 0. 6pm, but that it flattens 
toward lot^er wavelet^hs. Both the deduced spectral shape and approximate absolute 
value of n^ should provide useful constraints on the composition of the aerosols. 

Finally, we consider the limb darkening behavior of our most successful 
models. In Figure 4, I(p)A(p = 1) is plotted as a function of p at wavelengths of 
0.49 pm and 0. 62 pm, where p is the cosine of the angle between the local vertical 
and the line of sight. These predictions refer to zero degrees phase angle. Also 
given in the figure for comparison is the behavior of a Lambert surface. 

These results have relevance for the inference of Titan's radius from lunar 
occultation observations (Elliot et al , 1975). These data do not permit the simul- 
taneous solution of both the limb darkening law and the satellite's radius at the 
occultation level. For a uniformly bright satellite (I(p) = I(p = 1)), the oc , i. n radius 
is about 2500 km, while for a Lambert law, it has a value of 2900 km. t" l ^ ed 
limb darkening illustrated in Figure 4 implies that the occultation radius ' .in oout 

2600 to 2700 km. We plan to make a more precise determination of this im^^ortant 
quantity. 
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IMAGINARY INDICES OF REFRACTION 



A. /iin 


Figure }. Imaginary index of rifradinn ai a )uruliim nj u^itlenglh for tin cans ihoun m Figure 2- 
numbering of the eunts is she Same as m Figure 2. 



TITAN LIMB DARKENifsiG 



Ftgmn 4. Umi dariemimg at uattlemgtht .•rmfmijtmg f tuit tf tht chammli Mttd m tht bmar 
acadtatnm ^4serratt»m FJlm n al. ( 1975 1 . The namhermg t>f the amts tt the lame as /■ hgatt 2. 
The lima darkening of a Lamitrt sarfact is shmrn far eansfartsaa. 


DISCUSSION 


D. MORRISON: It seems clear ttiat the surface properties as they could be 
derived from ptK>tometric or polarimetric measurements are important for dis- 
tinguishing between the models. You could have a surfoce, John, where Don has the 
top of a cloud level. 1 would like to read to you from Veverka’s paper given at the 
Titan Workshop (p. 54) — "the sin^e most important conclusion to be drawn from the 
I^tometiy and polarimetry of Titan is that a Saturn-like cloud model may be required 
to explain the sum of the observations. " Can you comment on this ? 

D. HUNTEN: That is a perfectly reasonable interpretation, but it’s not unique. 
On p. 57 of that book I point out that Titan could also be paved with a glassy layer of 
which V -)uld have polarization properties indistinguishable from those of a 
cloud. And that's not an entirely improbable kind of appearance for a Titan siirface. 
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J. C.ALDWELL: 1 don't think it's quite right to conclude that the cloud has to 
bo like Saturr. The optical depth of the ainiosphore and dust layer, even in these low 
surface pressure models, is very large in the visible iind ultraviolet. It seems to me 
perfectly reasonable that the polai ization might be due to the properties of the dust. 

B. SMITH; What optical depth do you use? 

J. CALDWELL; Fodolak and Danielson calculate an optical depth due to dust 
of - 5 at 5000 A. 

B. SMITH; Either way. there is no hope of seeing the surface. 

D. HLNTEN; And no hope of seeing the cloud top of my model cither. 

J. POLLACK: The successful model by Rages and myself shows, starting 
about 0.6 pm, a tremendously sh;;rp increase in the imaginary index tc dtorier wave- 
lengths; at soinewhai longer wavelengths, it tends ' ilatlen oat. So, in effect, what- 
ever is making up tins layer is something that ha y strong and verj' sharp 

ultraviolet absorption band. 1 think that i)oth the shajv and the absolute absorption 
coefficient here may allow us to choose between difiiercnt compositional possibilities. 

With a model we can, of course, define what the limb darkening of Titan would 
be like, and the relevance of tiut is that tlie lunar uccultation measurement of the 
size of Titan is verj- dependent upon wliat limb darkening law y^ou assume. If 3 -ou 
assume a uniformly- bright surface, which would be a flat line in Figure 4, then j'ou 
get a radius of 2500 km. If you assume a Lambert law, you get about 2900 km. 

Wliat our models would say is that you're somewhere in betw'een, but closer 
to the I^mbert surface, so therefore, the uccultation radius would be someiiiing on 
the order of 2600 to 2700 km. 

Finally, 1 would like to note tliat I've become increasingly impressed that the 
apparent secular brightening of Titan is, in fact, a real phenomenon, and there's now 
something like sL\ years of observations that indicate thet Titan's brightness has 
increased by maybe five or so percent. If we assiune that tiiat's right, and we also 
assume that what we sec is a photochemical layer, then it's quite conceivable that 
plausible solar varuibility could indeed have a very interesting climatic feedback. 

For example, if you have ultraviolet solar variations, which we know from satellite 
observation do occur, variations in intensity will cause a variation in the production 
rate of the smog, which in tui-n could affect the size of the particles somewhat, and 
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therefore, affect the ovemll brightnosst oi Titan. If this of linkage is true, it’s 
very interesting in the sense tlut a very small energ\- change in the Sun is able to 
enormously antplify the an'iount of solar energ\- that is deposited in Titan. 

D. HTNTEN: But we slwuld also reineitiber that ordinaty seasoiwl variations 
may be the answer. 

J. C-ALDWELL; Badolak and Danielson liave done a lot of work to derive the 
photometric properties of the dust, aivd thty have a siic of alxjut 0. 1 pm. 

J. FV)l.L.ACK: This size (0. 1 pni) is incompatible with Uie phase angle varia- 
tions (see Figure 1 of this article). Also, they make some arbitraiy assumptions about 
the analytic de|X‘ndence of the imagitiarv' imlex; they assumorl a ix>wr>' law. I thinli you 
can see from Figure this article that this is not true over tlie whole s;x'ctr;J i-ange 
of the obsx ‘.vations. 

B. SMITH: What do \xmi mean by the particle size'.* 

J. l\)l.LAC*K: Any time you iforive particle size information fi'om brightness 
measurements, what you’re really »k>ing is just derivutg one gross property of the 
size distribution, rctmely, the cross-sectional averaged ixirticlo size. For f\)dolak 
and Danielson, the number given is the ma.vimum r;idius of a flat distribution, and Uie 
effective size is a bit smaller. 

J. POLLACK- On the difference In'tween the cxjuivalent widths on Tit;in :vnd 
Saturn for the methane bands, it could injuiilly well Ix' the result of the difforoneos in the 
properties of the scattering niixliuni that’s present in the two atmospheres. 

L. TR.A 1-TON : IVssibly. But look at the differences Ix'tween the sjxvtrum of 
Jupiter and Satui-n where you have a^vrecuibly <lifleroni haze layers. 'Hx' haze layer 
of ammonia is reallv thin on Jupiter, it’s really thick on S;Uiu*n, and yet these big 
differences in tlie aerosol strueture between the two planets lead to oitly small differ- 
ences in the shapt?s of the spectra when you comjxire tlx;m ;ig-ainst the sha|X's of 
methane in Titan’s atmosphere. 

J. IX)LLACK: Lot mo bo a little bit more spi'cific. In the ease of Jupiter 
and Saturn, there is ;m optically tiiin haz.o layer and then a fairly thick, dense cloud 
layer beneath that. In the case of Titan, there is an optically thick haze layer which 
means that a lot more muitiple scattering Iwppons in Titan's atmosphere, while on 
Jupiter and Saturn it's closer to simple roflocling. 
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I. . I'KAtTON: Yes, but there ere really three different regimes, 1 really 
ilun’t Siv Jupiter and S:itui*n being in one regime and Titan being entirely different. 

But in terms of differenees ir. the s^K‘ctrum, I do see veiy little differences between 
the shapes of the spi'ctrum of Jupiter and Saturiu 

J. IVLLACK: That is what I would expect for the photochemical base; it 

is much thinner in the ease of Juuiter and Saturn than it is on Titan, 1 believe most 
of the line formation takes place within the actual dust in the case of Titan. 

D. MOKRlStiN: WJw sliould Titan have so much more of this dust or smog 
th:in Jupiter or SiUurn? 

J. I\>l.l..ACK: 1 tnink it goes back to abundances; for oite thing, the fractional 
abundani'e of methane is a lot more on Titan. 

D. Hl'NTEN: t don’t agree that it's a lot more; what is different is the absence 
of hvdivgen in the pliotoebomical prwesses. so that the rechK-ing power of the atmos- 
phere is negligible. 

J. i\'i LACK: Ves. and nitmgen in Titan’s uimo.si>here could also be a 
critical element there. 

L. THAI TON: What is needed is l;ilx»rai. rv data for methane at a very low 
pressure like a iiumlri'dih ;iunosphere to maybe a tenth to know whiHher or not there 
is iiideed any pressure de;vn<l--‘neo at the meth;»ne level. 

J. C.Al.DWKl L: Such a measurement rt*quires a veiy long path length. 

Lutz a|H’li»‘<l tremendous lengths alrea»l\- tt> ik> this. You m:ty bo asking ihe 
impi.>ssjble. 


SI MMAUY OF DISCI SSION AMONtl TKAFTON, HFNTFN, AND I>OLL.ACK: Fink, 
IkMiner, and Dick (197T> fin<l Ih'Iow SOOO A that the bands obey Ik'cr's law and are pressure- 
imlepimd.ont. Their exphrmth^n is that there are many lines per half-w idth even at 
zero pressure. Ih'cssure effivts begin to l>e evident at longer wavelengths and might 
bo e.xiKVted in the wings of all barnls. I\'ik)lak .and Civer have e.\plored possible 
saturati<m effects for the lowest pressures. Temp«;rature effects must also be kv*pt 
in mind. 

M, KLFIN: (address<*d to Mimten) If you really h.ave this, cloud at the 77 K level 
of tiOO g em“", the opaeit>- to microwaves .at 3 mm is no longi'r ui.appreciable. This 
effoel may not be insignificant. 
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D. IIUNTEN: The particles would have to be very large to have a significant 
scattering opacitN'. Pure methane, either liquid or solid, slx>uld iiave very low 
milliineter-u ave absorption, because the molecule is nonpolar. I think it would need 
polar impurities to be much of an absorber. 

in addition, 1 don't really believe tlie cloud is that dense. 1 believe that most 
of that mass must precipitate out and leave a mue-h thinner cloud. .All 1 did in the 
papca* was follow the Lewis-type prescription in which you condense out all the mass 
tliat is available at each height ;uid call it a cloud. 

D. STKOBEL: Do youi' methane cloud properties satisfy the observations 
that Low and Rieke i Asin>i)iiys. J. 190, 1.1-13, 197-1) made at 5 pm? It could be 
thermal emission at lt>5 K or solar leflection wiiJi an albedo of 0. 10. 

C. HUN TEN: My methane cloud top is ;tbout 79 or 80 K, but I don't see w hy 
it couldn't e.Kplain the observations as reflected suniigtii. 

J. CALDWELL; Is yoiu- cloud opaque at ail in tlie 10 pm region ? There ;U‘c 

mam^- transparent gaps betw een the f'.mdamentai bands of CH . C l! , and C.,H, in 
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this region. 

D. HI NTEN: I would think so. In one of my models I did simply postulauj 
an opaque cloud. 1 rationalize this by suggesting tliat A.kc 1 dust dissolves in methane 
and gives it some addiiionai absorpii.rin that (hu'c methane wouldn't have. 

J. CALDWELL; in my models, the oijtieal dci'tii of tiiC -Axel dust is the order 
of 0.05. If the optical depth get- much larger than that, tlie emission cf the dust will 
go up at 10 pm in contradiction to the observations. 

D. HUNTEN; But I'm not talking of dust itself, rather Uto .same laaterial afte: 
it's liissoivoil in the cold niethaiie clouds. 

J. CAl.DWEl.l.; My reason for emphasizing this ix)int is that any model must 
be consistent with Cillett's observations at 10 pm, wiiich exclude a high brightness 
temj.ierature. If there's a ?00 K surface below the haze, .something has to iiido that 
fixjm ai'i outside observer. 

D, ilUNTEN; I think pressure iniuced iiycirogen will do that. Even at 10 pm, 
with twenty .itmusphores of nitix>gen and sc\ eixtl kin-A of hydrogen at the surface, 
that's a very opaque moditim. It's very inucli like A’enus. 

Ci. SISCOE; What is the hydrogen escape rate from Tiuin? 

D. HUNTEN: My estimate in Planetary SatcHite.'i is 9 \ li) molecules 
cm ^ s That is based simply on photolysis of the methane we see to be pi’osent, 
and is firm unless someone can find a stronger source. 
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ABSTRACT 

Observations of nonequilibrium phenmnena on the Saturn satellite Titan 
■ndicrate the occurrence of organic chemicral evolution. Greenhouse and 
thermal inversitMi models of Titan's atmosphere |xovide environmental 
constraints within which various pathways for organic chemical synthesis 
are assessed. Experimental results and theoretical modeling studies sug- 
gest that the oiganic chemistry of the satellite may be dmninated by two 
atmospheric processes: eneigetic-particle bombardment and photochem- 
istry. Reactions initiated in various levels of the atmosphere by cosmic ray, 
“Saturn wind," and solar wind particle bombardment of a CH 4 - N, 
atmospheric mixture can account for the C 2 -hydrocarbons, the uv-visiUe- 
absorbing stratospheric haze, and the reddish coIm’ of the satellite. Photo- 
chemical reactions of CH^ can also account for the presence of Cj-hydro- 
carbons. In the lower Titan atmosphere, photochemical processes will be 
important if surface temperatures are sufficiently high for gaseous NH, 
to exist. Hot H-atom reactions initiated by photo-dissociation of NHj can 
couple the chemical reactions of NH, and CH 4 , and are estimated to 
produce organic matter at a rate of about to 10'^'^ g cm~* s~'. Electric 
discharges are highly improbable on Titan; if they occurred at all, they 
would be restricted to the lower atmosphere. Their yield of organic matter 
might iq>proach that of hot H-atom reactions if the conversion of solar to 
electrical discharge energy on Titan was as efficient as on Earth. 


*NAS-NRC Resalent Research Associate. 
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I. INTRODUCTION 


Two fundamental observations make the satellite Titan an object of great 
interest to exobiologists and oi^anic cosmochemists; the unique occurrence of abundant 
methane (CH^) In the atmosphere (Trafton, 1972) unaccompanied by higher amounts 
of Hg (Mimch et ai, 1977) a:.d the presence of a reddish "surface” (Morrison and 
Cniikshank, 1974). Although there is some doubt in interpreting this surface as the 
top of a cloud layer or as the actual surface of the satellite, it does exist and its 
implications are significant for chemical evolution in the atmosphere. Interpretation 
of spectroscopic (Caldwell, 1974; Trafton, 1975), and polarimetric (Veverka, 1973; 
Zellner, 1973) obser\’ations of Titan indicate the existence of a thick particle layer 
in the atmosphere that absorbs ultraviolet and visible light, a layer characterized as 
a "photochemical haze" (Danielson et aL, 1973; Podolak and Danielson, 1977). Ethane 
(CgHg), ethylene (CgH^), and acetylene (CgHg) (Gillett, 1975) are attributable to, but 
should not be uniquely identified with, stratospheric CH^ photochemical reactions 
(Strobel, 1974). In the context of Lewis* (1971) physical and chemical mod ' Titan, 
the presence of C^Hg, CgHg, and the red surface, and a particle layer that 

absorbs ultraviolet and visible l^ht clearly indicate a chemical nonequilibrium in the 
atmosphere. To the organic cosmochemist, this indicates reactions that yield organic 
molecules in a prebiotic environment perhaps related to those of primitive Earth 
(Sagan, 1974) and the parent bodies of carbonaceous meteorites. In turn, this draws 
the interest of exobiolc^ists to the possibilicy that life may have originated or that 
terrestrial organisms may survive on Titan. 

Recently, Maigulis et ai (1977) discussed the models that have been proposed 
for Titan's atmosphere and their implications for life. No basis now' exists to alter 
their conclusion that "the likelihood of growth of a terrestrial microbe is vanishingly 
small." By implication, the probability of the origin of life forms resembling terres- 
trial organisms on Titan is also "vanishingly small." If organisms with biochemistry 
fundamentally different from those of terrestrial organisms evolved and populate Titan 
today, there are no obvious methods f'-r detecting ^nd identifying them except, perhaps, 
by imaging techniques. 

Rather than addressing r nighly speculative issue such as Titan exobiology', in 
this paper, we discuss seve’ d more fundamental issues concerning the satellite's 
organic chemistry. Current models of Titan’s atmosphere described in Section II will 
be used to help identify tb j nature and distribution of possible sources of organic 
matter. Data from the literature and this laboratory will be used to assess the rele- 
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vance and productivity of those sources as well as to characterize the nature of the 
products derived from them. The upper and lower atmospheres will be treated sepa- 
rately in Sections ID and IV, respectively. A summary of our conclusions is presented 
in Section V. 

n. WORKING MODE 15 OF THE ATMOSPHERE 

Observations of Titan have provided support for two 'ypes of thermal atmo- 
sphere models, hi the temperature- in'^rs ion model (Danielson et <d., 1973; Podolak 
and Danielson, 1977; Caldwell, 1977, 1978) the surface temperature (<100 K) and 
pressure (^20 mbar) are low, but absorption of ultraviolet and visible sunl^ht by a 
high particle layer heats the upper atmosphere to as high as 160 K. In the greenhouse 
model (Sagan, 1973; Pollack, 1973; Cess and Owen, 1973; Hunten, 1978) the strato- 
spheric temperature is also high as a result of dust particles, but it decreases uith 
depth to a CH^ cloud. Below this cloud, the temperature increases with depth to the 
surface where there are high temperatures (>150 K) and pressures (>300 mbar). 
Podolak and Giver (1978) point out that with available data, it is not possible to distin- 
guish the "surface” of the inversion model from the top of a thick dust-covered 
cloud layer below which a massive greenhouse atmosphere might prevail. Radio mea- 
surements by Briggs (1974) at 8085 MHz suggest a surface temperature of 135 + 45 K, 
which is consistent with the inversion model as well as some greenhouse models. 
Microwave data of Conklin et d. (1977) favor a massive atmosphere with a pressure of 
several bars at the surface and a corresponding temperature near 260 K, although 
more recent data indicate that the temperature is closer to 100 K, consistent with the 
earlier measurements (Owen, 1978). These observations conflict in supporting a 
greenhouse model. Nonetheless, for any such model, the low Hg concentrations 
observed by Mtinch et d. (1977) indicate that a different gas must drive the greenhouse. 
Nitrc^en may fulfill this purpose (Hunten, 1972, 1978; Owen and Cess, 1975). 

For purposes of discussion, we shall view the Titan atmosphere as a compo- 
site model with the following features taken from various sources: (1) a stratospheric 
dust layer that absorbs ultraviolet and visible sunlight; (2) a stratospheric temperature 
of 160 K decreasing to < 100 K at the top of a thick, dust-covered, reddish cloud layer 
consisting primarily of hydrocarbon ices; (3) CH^ or CH^ and N 2 comprise the bulk of 
the atmospheric gases above and below the cloud layer; (4) a clear atmosphere from 
the bottom of the clouds at >100 K to the surface where the temperature is about 135 K 
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and the pressure about one bar; (5) NHg abundances below the clouds are determined 
by its vapor pressure at the surface either in the form of NHg - HgO ice or aqueous 
NHg solution. 

m. UPPER ATMOSPHERE 

Several factors must be reconciled about the chemistry of the upper atmo- 
sphere: evidence for C^Hg, and as minor constituents, with ? C^Hg/C^H^ 

ratio of about 250 (Gillett, 1975); evidence for dust particles that strongly absorb 
ultraviolet and visible light; and the red color of the observable surfa e. 


Dust and Acetylene Polymerization 

The dust particles are thought to be ’’photochemical smog" arising from CH^ 
photolysis (Strobel, 1974). Scattergood and Owen (1977) suggested that a component of 
the dust particles might be a yellowish acetylene polymer, similar to cuprene (C_H„) , 

L ^ XX 

formed by particle or photo-induced polymerization of or both. Although poly- 

mers are routinely formed during the photolysis and thermal decomposition of CgHg, 
the conditions on Titan may not support such processes. 

Plasma polymerization of acetylene (Kobayashi et ai, 1974), alone and in the 
presence of saturated (CgHg) and unsaturated (C^H^) hydrocarbons readily occurs at 
pressures as low as 0.7 mbar to yield gaseous oligomers and solid polymers. The 
presence of in the gas mixture, how’ever, partially inhibits polymerization. The 
solid polymers are insoluble and appear to consist of a highly cross-linked, three- 
dimensional network containing carbon-carbon double bonds and aromatic structures, 
l; is not clear w'hether or not these polymers are closely related to the polymers iden- 
tified as (C 2 H 2 ) produced during radiation- induced gas-phase polymerizations of 

A 

CgHg (Jones, 1959), because the infra-red spectra are dissimilar in many respects. 
Ultraviolet irradiation of pure C 2 H 2 at 1470 A (McNesby and CMtabe, 1964) and 1849 A 
(Zelikoff and Aschenbrand, 1956) also yields an ill-characterized solid polymer with 
smaller amounts of diacetylene (HC = C - C = CH), vinylacetylene (CHg = CH - C h CH), 
ethylene and benzene. At 1849 A, quantum yields for ^ 2^2 

apparent chain length of polymers decrease with decreasing pressure. While these 
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polymers form readily under many conditions through many different energy sources 
(Jones, 1959; Lind, 1961, Kobayashi, 1974) their chemical constitutions are not 
uniquely defined; they are described, however, as near-white to yellowish and 
as lacking color-depth. 

Recent laboratory studies provide the bases for assessing the possible existence 
of acetylene polymers on Titan. As a model for interstellar organic S 3 mthesis, Floyd 
ct al. (1973) bombarded a solid film cf CgHg at 55 K with 150-eV electrons. They 
reported evidence for a variety of unsaturaied and aromatic compounds, all of which 
are ultraviolet absorbers from 2000 - 3000 A (Table 1). No mention was made of a 
solid cuprene-like product, although such a product would have been interesting in the 
context of interstellar organic chemistry. If polymei's were absent, Floyd’s work 
reveals an important temperature dependence for polymer formation, because previous 
polymer syntheses were achieved at room temperature or higher. Polymer synthesis 
on Titan may be inhibited by the low temperature of the stratosphere. 

Recent e.xperiments by Scattei'good (1975), Flores et al. (1978) and Bar-Nun 
(1975, 1978) provide stronger additional arguments against the formation of solid 
acetylene polj’mers on Titan. Bombardment of gaseous CH^, CgHg, and CH^ - 
mixtures with Mev protons (Scattergood, 1975) produced a yellowish powdery polymer 
in pure and in mixtures of CH^ and ^ “* 

Clear, colorless liquids consisting primarily of simple saturated hydrocarbons 
resulted when the ratio was raised to 10. Apparently, under highly favorable total 
pressure conditions, c. low mixing ratio • " in CH^ prohibits formation of solid- 
colored polymer. We conclude that the CH./ ratio on Titan, which is estimated 

to e.xceed 10 by at least several orders of magnitude (Gillett, 1975; Strobel, 1974), 
also would be prohibitively high for polymer synthesis by proton bombardment. 

When 2.6 mbar of pure CH^ is photolyzed with 1236 A light (Flores et al, 1978), 
the major products are the saturated hydrocarbons and (see Figure 1). 

After 30v CH^ decomposition, w'hen the system approached a photochemical steady- 
state, no hydrocarbons higher than w'ere observed by gas chromatography, even 
when the total product w^as concentrated into a small volume by liquid nitrogen prior to 
sampling (Table 2). Not only did hydrocarbon production terminate at the stage, 
synthesis of unsaturated compounds was inhil ’ted. These results essentially agree 
with experiments performed by Bar-Nun (1978). At the H 2 /C 2 H 2 ratio of 40 produced 
by CH^ decomposition, the secondary process of CgHg photopolymerization to a solid 
polymer is expected to be inhibited (Bar-Nun, 1975, 1978). Bar-Nun fl978) also found 
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Table 1. intraviolet Absorption Properties of Compounds Symthesized by 
150 eV Electron Bombardment of CgHg Films at 55 K 


Compound 

X 

^ max A 

log 

Diacetylene (HC^H) 

2340 

- 

Benzene (CgHg) 

2030 

2.5 


2540 

3.9 

Phenylacetylene (CgH_CgH) 

2350 

4.2 


2720 

2.5 

Naphthalene (C^gHg) 

2200 

5.0 


2750 

3.8 

Indene (CgHg) 

2490 

4.1 

Data taken from Hirayama (1965). 




during irradiation of that production of photopolymers decreased with lowerings 
of temperature and initial acetylene pressure below 300 K and 260 mbar, rei,pectively. 
If the experimental data are extrapolated to Titan, and if CH^ were the only hydro- 
carbon in the initial atmosphere, then the combined effects of low Cg H,, mixing ratio, 
higti H /C„H_ ratio, substantially lower temperatures, and pressures orders of magni- 
tude lower would make photochemical formation of an acetylene polymer like (C 2 H 2 ^jj 
highly unlikely in the Titan stratosphere. This conclusion is consistent with the region 



Fij^un I. ProJuit Jiilrihutiont U t^rious l/niej 

o 

iy irr.iJi.itior uf 2 6 mhjr of CH^ uith I2.if> A 
Hyjrtxarhon jhuHj,intei utn ditemitntd hy 
g.i'-^hn>matof,raphy jnJ art in njtionioUs (vr 
IDO fit \ampU. I.tft CHf nj/t\ otfttr 
1^.1 > o . 
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Table 2. 

Mole Fractions and Quantum Yields of Products Obtai*^d by 
1236 X Irradiation of 2 . 6 mbar CH^ r' ■’''0 

Product 

Mole Fraction^ 

_lC 

Molecules Photon 

CH 4 

0.699 

0.56^ 

CgHg 

0. 0016 

0. 0002 


0.C048 

0.014 


0.107 

0.15 


0.0003 



0.0228 

0.03 

* - C 4 H 1 O 

0.0019 

0 . 001 ® 

- ^4«10 

0.0021 


»2 

0.162 



^Performed in a stirred 2196-cm^ flask with an Opthos lamp emitting ( 6 ± 2) x 
10 ^^ photons s“^. 

^Includes Hg abundance calculated by mass balance. Mole fractions apply to 
near steady-state condition after 30% CH^ decomposition, 

^Calculated at 10% CH^ decomposition, unloss othenvise spt 'fled. Errors 
estimated at ± SO^^i . 

“Molecules of CH^ destroyed per abf orbed photon. 

^Calculated when first observed, after 18% CH^ decomposition. 

f 

Calculated for 30% CH^ decomposition. 

of CH . -photolysis occurring at levels in the atmosphere corresponding to number 
^ 9 12 -3 

densities of 10 to 10 cm . Furthermore, the planetary data of Gillett (1975) and 

_c: 4 

Miinch et ai. (1977) indicate a CgHg/CH^ ratio <10 and an Hg/ Hg ratio <10 . 

Although synthesis of acetylene polymers in Titan’s atmc .sphere is improbable, 
their contribution to the stratospheric dust cannot be ruled out. However, they cer- 
tainly cannot account for Titan’s reddish surface. On the other hand, ultraviolet 
absorbance by these polymers is assured by their double-bond and aromatic- ring 
content. Interestingly, electron micrographs of polymer produced by alpha-partic'e 
irradiation of CgHg show them to consist of 0. 1 to 0, 13 /urn -diameter spheres. As 
candidates for the photochemical smog, if they form in a low pressure medium, these 
particles conveniently remain solid at the relatively high stratospheric temperatures 
(150 K) postulated for both the inversion and greenhouse models, and are of the proper 
size to satisfy recent albedo (haze) models (Podolak and Giver, 1978). 
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High-Energy Particle Chemistn’ 

If cuprene-Kke polymers at most comprise a minor component of the dust, what 
is the bulk of it? Apparently, the photochemistry of CH^ alone cannot produce colo ^d 
material. The products observed experimentally (Table 2) cannot account for even 
the observed absorption of ultraviolet light in Titan's stratosphere. Scattergood and 
CKi«n (1977) pointed out that production of colored material would require the pres- 
ence of a nitrogen gas such as along with CH^. According to the working models, 
gases like NH^ and H^S cannot be involved because they become frozen below the 
stratosphere. 

For purposes of comparison, the ultra\iolet- visible and infrared spectra of 
condensable materials produced during Mev-proton irradiation of gas mixtures are 
shov.a in Figures 2 and 3. Table 3 contains a list of the major types of products. For 
N-containing mixtures, the spectra are similar and resemble those of ^he colored 
product obtained by 2537 A irradiation of NH^ - HgS - CH^ - - H^O mixtures 

(Khare and Sagan, 1973). Because not one of these materials has spectral properties 
identical to those on Titan, Scattergood acd Owen (1977) proposed that mixtures of 
materials similar to the CH^ - Hg and CH^ - products were present. This is an 
attractive alternative because the components in appropriate proportions, mor^ readily 
than the Khare-Sagan polymer alone, would permit the rapid increase in absorption 
toward the ultraviolet thit is exhibited uy dust in Titan's stratosphere (see Danielson 
et al., 1973). Therefore, production of dust having the observed spectroscopic proper- 
ties requi' es the coupling of C and N in a CH^ - Ng atmosphere. 

From the incident proton energies of 2 Mev (with 0.75 Mev absorbed bj- the gas) 
1 ^ -2 -1 

and fluxes of 1.7 x 10 *' cm s u.ecd in his experiments and estimates of the total 
CH. decomposition (based on decreases in infrared absorption), Scattergood (1975) 

’ 4 

calculated that 1.7 x 10 CH. molecules per proton are converted to product (equiva- 
lent to 44 eV per CH.). Coupling this figure with Titan's ojsmic ray energy' flux of 
9 -2 -i -1 

2. 3 X 10 eV cm s stor (Capone, 1978) leads to an estimated CK, loss rate of 

T *2 •! -15 “2 —1 ^ 

5 X 10* cm* s or pixxluction of 1.3 x 10~* g cm s of colored, condensable, 

carbonaceous matter. With this estimate, assume that conversion of kinetic energy 

to chemical energy in the laboratory experiments is similar to that iu Titan's lower 

ionosphere, despite ordex-s of magnitude differences in flux density and total pressure. 

Assuming condensable matter with density of one is produced at a constant rate, 7. 6 x 
10 3 

10 s cr 3 X 10 y would be required to deposit a 1-jim-thi ok layer of dust. i**ter 

9 -** 

4. 5 X 10 y, the total c*"’ '■ density would be about 180 g x cm -. .Maximum energy 

18 —3 

deposition occurs around the 10 cm level of the atmosphere (Capone, 1978). 
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Recent calculations of Slscoe (1978) provide models for the magnetosphere 

associated with various possible values of Saturn's magnetic field. For a value as low 

as 0. 5 gauss, the magnetosphere would extend to twenty Saturn radii and include Titan 

within its boundary 909^ of the time. As a consequence of a 1.7 cm ‘ particle density 

and a 200 km s”^ particle velocity, the flux of 150-eV "Saturn wind" protois 'iriking 

7 -2 -1 

the upper atmosphere of Tital would amount to 3. 4 x 10 cm s Calculated as 
above, these figures lead to an organic matter production rate at least twice that 
afforded by cosmic rays. Because of the shallow depth to which 150-eV protons can 
penetrate, consequent reactions should occur above the stratosphere in the region of 
maximum photochemistry, unlike the cosmic rays that penetrate deeper. 

If Titan has no m?gnetic field, if the solar wind energy (avg, 1 keV nucleoa”^) 
and particle flux (2 x 10 cm~ s~^ are unaffected Saturn's proximity, and if the 
assumpticxis given above for the production rate resulting from cosmic ray particles 
are applied, then an upper estimate can be made for the rate of synthesis of condens- 
able carbonaceous matter by solar wind bombardment of the atmosphere. This 

-15 -2 -1 

estimate amounts to 1. 1 x 10 g cm s and is comparable to the cosmic 
ray production rate. 

Table 3. Products Resultii^ feom MeV Protou Irradiation 
of Various Gas Mixtures^ 


Gas mixture 

Aliphatic hydrocarbons^ 

Aliphatic hydrocarbons" 
Aliphatic and alicyclic amines^ 
Acetonitrile (CHgCN) 
Red-brown polymer 

“From Scattergood (1975); Scattergood et of (1975); 

Scattergood and CHron (1977). 

^Includes saturated and unsaturated compounds up to 522 in 
length. Less than 10 ppm aromatics (e.g., benzene).^ 

*^Cyclic amines include hexam«>thylenetetramine (^0^12^4^ 
and its methyl and dimeth 3 i nomologucs. 
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Clearly, the assumptions used to obtain these estimates require that they be 
used aith caution. Nonetheless, the role of particle radiation in producing condensable 
and gaseous trace constituents in Titan's atmosphere ';anoot be dismissed. Models of 
CH^-rich atmospheres, \;’hich included cosmic ray i<mization processes (Capone et of, 
1976), predicted CHj radical concentrations that were three orders of magnitude higher 
than those predicted by strictly photochemical models (Strobel, 1974). Because attain- 
ment of higher CH^ concentrations without significantly lowering the radical 

ratios is expected to favor a high hydrocarbon production, the predictions support the 
view that particle irradiation would enhance organic simthesis. 

Electrical Discharges 

In addition to s^mthesis of polymers In* \':iv of CH^ photolysis and syn- 
thesis of condensable organic matter by particle irradi^ion of CH^ - mixtures, 

vacuum ultraviolet photolysis of CH. - N_ or electric discharges may generate Tf’an's 

' 4 2 

stratosf^eric dust and coloration. Electric discharges through CH^ - mixtures at 
30 mbar produce many different saturated and unsaturated hydrocarbons and nitriles 
(Toupance Pt aL, 1974) that could subsequently undergo photochemistry' and condensation- 
polymerization reactions to readily form reddish substances if formed in Titan’s atmo- 
sphere. To account for the occurrence of stratospheric dust in the absence of strong 
atmospheric mixing, hov.ever, electrical discharges musi occur above the dust layer 
at pressures < 1 mbar in a dry atmosphere containing no clouds. Although they could 
c(xiceivably occur, discharges under such conditions are sufficiently implausible as to 
permit discounting them. 


Photochem is try 

In the only report describing the coupling of C and N in the photochemistry of a 

CH. - N„ mixture, Dodonova (1966) found that irradiations at 7 - 10 mbar with a hydro- 
^ ^ 15 16 ■^1 

gen lamp (10 - 10 photons s ) produced HCN after 8-10 hr; hydrocarbons com- 

prised the ^.ther products. HCN aas detected with a picrate color test sensitive 'o 
10’ ' g. The explanation given for this result was ’’the pliotoactivation of nitrogen and 
its interaction with CH radicals resulting from the decomposition of r.iethane." The 
author described that the photoac ivation of nitrogen occurred at 1273 A. A crude 
estimate based on the reported data places the quantum yield for HCN at about 10 . 
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AldKJUgh several attempts were made at Ames Research Center (Bragin and 

a 

Nicoll, 1976) to duplicate the Russian work with a 12S6 A lamp, they Sailed to produce 
an) HCN detectable by high sensitivity gas-chromatographic analyses. If formed on 
Titan hf Lyman-a photoim at tlm estimated yield, however, HCN would be produced at 

S ^2 —1 —2 —1 

the iisignificant rate of about 10 cm s or 4. 5 x 10 gem s . Ftirther 
attempts to study the photochemistry of CH^ - at Lyman-a and other wavelengths 
wmild be desirable because gasecsis HCN is photochemically converted to more com- 
(dex organic compounds and reddisb-brovm solids (Misutani et at, 1975). 

Thus, the most attractive mechanism for production of stratospheric dust on 
Titan tlmt we have discussed involves high-energy proton irradiation, which requires 
a CH^ - Ng atmosphere. Tlds source could provide the colored condensates that are 
responsible for the reddish surface of the satellite and its low ultraviclet-visible 
albedo. Ihdess vacuum ultraviolet photolysis of CH^ - N^ yields HCN more efficiently 
Hum 10 ~^ molecules per photon, it can be discounted along with electric discharges 
as a tenaUe mechanism. 

If we now return to tlm data for 1236 A photolysis of CH^ (see Figure 1 , 

TaUe 2), we can make additional oteervations pertinent to Titan's atmospheric 
fdiotochemistry. Although a photochemical steady-state had not been reached at the 
time of measurement of the mixing ratios in Table 2. it was sufficiently close (see 
Figure 1) that the assumptioo of steady-state is justified. The relative abundances 
of experimental products suggest that propane tnay also be ctetectable in Titan's 

alzno:;inere along wifo Sie previously observed etha^ acetylene (C 2 H 2 ). 

This idea has also been proposed by Bar-Nun and Podolak (1978). Propane iHiould 

On the other ham), C 2 H 2 should be the least 
abundant of these hydrocarbems. The experimental C 2 H 2 /C 2 Hg rado of 0.050 is lower 
by a factor of 10 than the ratio predicted by the CH^-photoclmmical model of Strobel 
(1974). Furthermore, the ratio of quantum yields for ^^ 2^4 ^2^6 ^ exper- 

imental C 2 H^/C 2 Hg ratio of 0.045, which is 10 - 100 times the ratio obtained in the 
model calculations. Although spectroscopic observations do not provide a useful mea- 
sure of the CgHg/CgHg ratio, they do indicate a C 2 H^/C 2 Hg ratio of 4 x 10 "® (Gillett, 
1975), consistent with the CH^-photol 3 rsis calculations. Clearly, there are difficulties 
In duplicating planetary environments in computer and laboratory simulations of CH^ 
photolysis. Whether these difficulties may account for the discrepsmeies between the 
results of the simulations remains to be evaluated. 


actually be more abundant tfian C^H^. 
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IV. LOWER ATMOSPHERE 


Recently, Woodman et al. (1977) established an upper limit of 30 cm-am for the 
abundanc:: of ammonia on Titan. In the context of the inversion model described in 
Section II, low surface temperatures of < 100 K remove essentially all NH^ from the 
gas phase by condensation. the temperature reaches 115 K, however, gas-phase 
NHg photochemistry can occur, as we discuss below. Because of the ambiguity about 
the nature of the Titan surface and the possible range of surface temperatures mea- 
sured by radio (135 i 45 K, Briggs, 1974) and microwrave (260 K, Conklin et <d., 1977) 
observations, we considered ammonia photolysis at tempei'atures ranging from 115 to 
200 K. If the ’’surface" of the inversion model corresponds to the actual surface, a 
temperature of 115 K implies that pure solid CH^ is unlikely to be a major surface 
constituent. If the surface is the lop of a cloud layer, the 115 K Implies cloud particles 
that consist of hj’drocarbons other than CH^ or possibly ^'Hg. Photol 5 rsis at >115 K is 
considered to occur in the atmosphere below' the clouds of the greenhouse models. 

Ammonia Photochemistry 

Although Hunten (1973) discussed XH^ {Aotolysis as a means for generating 
lainge amount-^ of Ng on Titan, the process has not been modeled for Titan. In theoret- 
ical studies of Jovian atmospheric chemistry, and CH^ photolysis reactions are 
decc !ed from "ach other (Prinn, 1970; Strobel, 1973a, 1973b: Prasad and Capone, 
1976). Except in the wnik r ' Kuhn et al. (1977), production of organic compounds bj' 
means other than CH^ photolj-sis high in *he stratosphere is discounted. However, 
laboratory experiments (Sagan and Khare, 1973: Becker et al., 1974; Ferris and Chen, 
1975; Ferris et al., 1977) suggest that hot H atoms generated by photodissociation of 
Nllg or HgS (or both) can initiate reactions wath CH^ and to produce organic 
compounds by' way' of hydrocarbon radicals such as CH^ and their recombination with 
each other and with XHg radicals. Data in Table 4 summarize results reported by 
Ferris et al. (1977) and include estimated production rates at Titan obtained by extrapo- 
lation of their results. The product yields in the 115 K experiment were based on an 
experimental ouantum yield for NHg decomposition of 0.12 at 208 K (Xicodem and 
Ferris, 19721, In the low-temperature experiments, some NHg is considered and the 
gas-phase abundances of NHg correspond to the equil.brium vapor pressures. Entries 
in the bottom tw'o lines of Table 4 show that from 115 - 347 K photolysis of ammonia is 
accompanied by induced hot-atom decomposition of at levels higher than 0. 6 CH^ 
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TaMe 4. Photolysis of a Mixture of H2 (0.623 bar). He (0.080 bar), 
CH4 ,'>. 125 bar), and NH3 (0.040 b^) with 1849 A Light at 
XCs. ^ Temperatures: Product Yields and Estimated 


Production Rates at Titan^ 

Product 

Product Yield 
(molecules/photoo) 

Estimated Producticm 
Rate at Titan^ 

(g cm“2 s“l) 

347 K 

200 K 

115 K 

"2 

0.67 





0.i4 

0.040 

0.007 

0.93 X 10"^® 

N-oi^anic8° 

0.02 

0.04 

0.103 

-12 

1.0 xlO 

HCN 

1.2 xio"^ 

0.94 xlO"^ 

0.79 X 10"^ 

2. 1 X 10"^® 


2.3 xlO"^ 




S«8 

0. 59 X 10“^ 





0. 59 X 10“® 





0. 5 X 10“^ 




N.«4 

1.7 xl0~® 

0. 56 X 10"® 

1.09 xlO"® 

-14 

1. 5 X 10 

(NRj loss) 

(0.30) 

(0.12) 

(0.12) 

11 -2 -Ld 

(0.6 XlO cm s 1 

(CH^ loss) 

(0.25) 

(0.073) 

(0.083) 

(0.4 X 10^^ cm"®s"^^ 


^Product yields calculated from data of Ferris et al. (1977), using quantum yields for 
NH3 photolysis obtained at 347 K (Ferris eta/., 1977) and 208 K (Nicodem and Ferris, 
1973). 

"Calculated from 3rields at 200 K usi*:g a photon flux of 2 x 10 cm s~ between 
1600 - 2270 A at Titan divided %y 4. 

^Assumed to be CHgNHg; other possibilities may include NH2CN, CHgCN, NH^NHCHg. 
^Column photodecompositimi rate. 
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molecule per NH^ molecule dissociated. Furthermore, photolytic losses of CH^ and 
NHg cannot be accounted for by summing the observed products. This lack of mass 
balance undoubtedly results in part from the difficulty of the analyses. Also, other 
compounds not specifically sought were likely to have evaded detection. 

Mass balance for nitrogen requires the formation of the "N-organics” desig- 
nated in Table 4. Methylamine (CHjNHg) with a N/C ratio of 1 and molecular w-eight 
31 is taken to represent these compounds. Elarly on, Becker and Hong (1977) detected 
in similar experiments, but not after long irradiations. Apparently, facile 
conversion of CH^NH^ to other compounds under the irradia<^-'on conditions accounts 
for its absence in most experiments. Formation of complex and colored organic 
matter from HCN or CHgNHg or both by secondary photolytic processes can be 
readily envisioned. Mass balance for carbon also indicates the formation of more 
hydrocarbons than are reported in Table 4. Using the data for 200 K, and assuming 

that the missing carbon is in the form of (CHn) , a hydrocarbon production rate of 
-12 - 2-1 ^ ® 

0.4 X 10 g cm s is required for mass buance. The total production rate of 

oiganic matter from NH_ photochemistrv and hot hydrc^en-atom chemistry amounts 
-12 -2 T 

to 1.4 X 10 g cm s~^. At this rate, a 1-pm-thick layer of organic matter (with 

9 

unit density) would take about eight days to produce on Titan, and 4. 5 x 10 yr of 

3 

production would yield a 2-km-thick layer of organic matter and liberate 10 km-am 

26 “2. 

of Ng (or a column density of 28 x 10 molecules cm ). Even if only 0. 1% of the 
photons from 1600 - 2270 A penetrated the cloud layer of Titan, the production of 
ozganic matter and Ng would be significant. 

The 115 and 200 K experiments of Table 4 represent relevant laboratory simu- 
lations of organic photochemistry on Titan. In greenhouse models, 115 K may occur 
at the top of the cloud layer, within it, or at some level below it. The high CH^ partial 
pressure of this experiment, ho\vever, disqualifies its relevance to the inversion 
model. The 200 K temperature corresponds to a level somewhere below the clouds of 
the greenhouse models, either at or above the surface. The presence of Hg and He 
are also relevant, not because they exist on Titan at the experimental abundances, 
but because they represent agents for collisional thermalization of the hot H atom. 

On Titan, Ng may be the thermalizing agent. However, Hg and He are expected to be 
more efficien*^ thermalizers than Ng (Wolfgang, 1963). 
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Hot Hydrogen Atom Chemistry 


To explore hot atom chemistry under other possible planetary conditions. 
Aronowitz et aL (1978) developed a novel use of a computational method. Their 
approach couples hot-atom chemistry with the general kinetic problem by incorporat- 
ing the kinetic theory of Wol^ang (1963) for hot atoms. Temperature, pressure, and 
incident photon enei^ are explicitly taken into account. A complete discussion of the 
approach is beyond the scope and intent of this report, however, and will appear in 
full detail elsewhere (Aronowitz et al., 1978). 

In these computations, the photochemistry is approximated in the followii^ 
manner. An assemblage of molecules corresponding to an atmospheric composition 
is exposed to an arbitrarily chosen total number of photons in a series of incremental 
steps. A small fraction of the available NH^ is dissociated by each increment of 
photons; the resultii^ primary products, H (hot) and NHg are allowed to interact with 
each other and with other gas components in the system according to the reactions in 
Table 5. The resulting mole fractions of reactants (e.g. , NHg) and products (e.g. , 
^2^4^ are determined iteratively. The calculations are allowed to run to the point at 
vdiich additional iterations have negligible effect on the mole fractions of stable end 
products. The photodissociation of NHg was kept low (sS*?;) by limitii^ the number of 
photons introduced in the calculations. For purposes of simplification, the quantum 
yield for NH^ was assigned a value of 1.0 for all wavelengths. Use of an appropriate 
scalii^ factor, however, permits correction of the calculated quantum yields for any 
piotodissociation quantum yield < 1.0. Secondary photolysis of products is neglected. 
Quantum yields obtained for various products were calculated from the number of 
photons and the mole fractions of products. The simulated environmental parameters 
and derived quantum yields are listed in Table 6. In each experiment, the NH^ partial 
pressure is governed by its equilibrium vapor pressure (estimated from a fitted 
equation of the Anbnne form) at the indicated temperature. TheLe estimates are 
smaller than those determined by Gulkis et al. (197b) and hence coni titute a lower 
bound on the NHg abundance. 

Dr*** 'n Table 6 reveal several interesting aspects of hot-y .om caemistry over 
the range of conditions simulated. Und^r all conditions, C H_ aid CH_NH„ are 

c o ^ It 

formed, ard Cr^NHg is the dominant prot'act. With temperature and waveler^-’ib 
constant, total pressure increa- es (Experiments I, n, HI) lead to increased CH^ 
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Table 5. Reactions Pertinent to Ammonia Photolysis and Hot Atom 

Chemistry on Titan 



Reaction 

Rate Constant^ 

Reference 

(1) 

H(hot) ^ Hg -• H(thermal) + Hg 

Calculations used 
hot atom theory 


(2) 

H(hot) + CH^-»Hg+ CHg 

Calculations used 
hot atom theory 


(3) 

H(hot) + NHg— Hg + NHg 

Calculations used 
hot atom theory 


(4) 

2H(thermal) + M -• Hg + M 

2.9 xlO^^ (300/T)®*® 

Ham et aL^ 1970" 

(5) 

H(thermal) + CHg — CH^ 

14 

2.3 X 10 

Chei^ et ai., 1977 

(6) 

CHg + CHg + M ^ CgHg + M 

2.2 xlO^® (M) 

Dodd and Steacie, 
1954° 

(7) 

H(thermal) + NHg — NHg 

1.8 X 10 

Boyd et al., 197 1'* 

(8) 

NHg + CHg- CHgNHg 

6.6 X 10^^ 

Kuhn et al., 1977 

(9) 

NHg.NHg-NgH^ 

1.5 X 10 ^ 

Pham Van Khe et d., 
1977 

3 —1 —1 6 —2 “1 

®^The rate constants are in units of cm mole” s” for two body and cm mole” s” 

for three body reactions. 

^From Strobel (1973a), Table 4. 


decomposition, which is also reflected in higher yields of CgHg. Formation of 
CHjNHg appears to be favored by lower pressure. Lowering the temperature from 
155 to 125 K (Experiments n, IV) causes little change in the product 3 rields. Quantum 
yields for CH^ decomposition decrease as the irradiating wavelength increases 
(Experiments V, n, VI). This decrease occurs because the hot H atoms produced at 
longer wavelengths are less energetic ("hot"). The influence of as a thermalizing 
agent is striking (Experiments IX, XI). When the Hg/CH^ ratio is high, CH^ and NHg 
decomposition are inhibited, and recombination of CH, and NH_ radicals with thermal- 
ized H atoms takes place. As a result of inefficient production of CHg radicals by 
hot H atoms, substantially diminished yields of ^ 2^2 and CHgNHc, occur. Excess Ng 
exerts no influence on the thermalization of hot H atoms (EIxperiments n, IX). How- 
ever, when the model calculations permit inelastic rather than elastic collisions of the 
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Table 6. Calculated Quantum Yields for Consumption of Reactants and Formation 
of Products by Hot- Atom Reactions Under Various Titan Conditions 


CH^/Hg/Ng/NHg 

Experiment (mole ratios) 

T, P (K, bar) 

\(A) 

Quantum Yields (molecules /photon) 

-NHg -CH^ CgHg CHgNHg 

I. 

l/l/l/(6.7(-6)j 

125, 

0.022 

1850 

0.996 

0.913 

0. 128 

0.087 

0.740 

II. 

l/l/l/[2.9(-7)] 

125, 

0.526 

1850 

0.984 

0.926 

0.266 

0.237 

0.452 

m. 

l/l/l/[l.l(-7)] 

125, 

1.316 

1850 

0.977 

0.932 

0.340 

0.217 

0.298 

IV. 

l/l/l/U.6(-3)] 

155, 

0.526 

1850 

0,986 

0.925 

0.249 

0.218 

0.489 

V. 

l/l/l/[2.9(-7)] 

125, 

0.526 

1686 

0.986 

0.956 

0.279 

0.264 

0.428 

VT. 

1/1/1/ [2, 9(-7)] 

125, 

0.526 

2014 

0. 980 

0.875 

0.265 

0.213 

0.449 

vn. 

100/l/l/[2. 2(-4)] 

125, 

0.022 

1850 

0.999 

0.998 

0.064 

0.063 

0.872 

VTI. 

100/1/1/ (9. 5(-6)] 

125, 

0.526 

1850 

0.999 

0.999 

0.305 

0.305 

0.389 

IX. 

1/1/400/ [3. 8(-5)] 

125, 

0.526 

1850 

0.984 

0.926 

0.266 

0.237 

0.452 

X.^ 

l/l/400/[3.8(-5)] 

125, 

0.526 

1850 

0.482 

0.141 

0. 194 

0.024 

0.094 

XI. 

1/100/400/ [4. 8(- 5)] 

125, 

0.526 

1850 

0.371 

0.018 

0.180 

0.003 

0.011 

Same as IX except calculations provided 

for inelastic collisions between Ng and the hot atoms. 





hot H atom with Ng (Experiment X), quantum yields for CH^ decomposition and CgHg 
and CHgNHg s 3 mthesis drop by factors of 7, 10, and 5, respectively. 

Over the range of conditions tested by the model calculations, changes in 
temperature, total pressure and irradiating wavelength cause relatively small varia- 
tions in the yields of products. The presence of high abundances of the moderating 
gases Ng and Hg (e.g. , CH^/Ng s 0.003) reduces the yields by up to one order of mag- 
nitude. Although Hg is a more effective thermalizer than Ng, its abundance on Titan 
is not expected to exceed that of CH^ (Munch et al., 1977). Conditions of 125 K and 
22 mbar (total pressure) represent the closest experimental simulation of the surface 
environmen' . i the inversion model. Other simulations correspond to locations below 
the clouds of the greenhouse models. 

To estimate production rates on Titan from the data in Table 6, a value of 0. 12 
for the quantum yield of NHg photodissociation is assumed. This value w-as measured 
at 208 K in excess Hg (Hg/NHg = 749) by Nicodem and Ferris (1973), who found its 
magnitude had increased from a value of 0.04 at 313 K. This Inverse correlation vith 
temperature suggests that the value of 0. 12 may be a lower limit below 208 K. For 
conditions that apply to atmospheric levels above the clouds, transmission of 10^ of 
the incident sunlight is assumed; below the clouds, 1% transmission is assumed. 

Product quantum yields at 1850 A are taken to represent average yields from 1600 - 

O 

2270 A. The resulting total production rates of hot atom products corresponding to 
various conditions are listed in Table 7. Production rates based on the experimental 
data of Table 4 are also included as the bottom two lines, and are in reasonable agree- 
ment with theoretical results. 

If the surface temperature of the inversion model were 125 K, a 1 pm layer of 
organic matter would accumulate every 46 days, leading to a 360-m-thick layer after 

9 

4. 5 X 10 yr. Organic synthesis occurs at 115 K and may extend to even lower tem- 
peratures pro»rided that some NHg exists in the gas phase. The possibility of hot- 
atom-mediated synthesis in the solid phase at low temperature ■ remains to be evaluated. 
If the lowest production rate In Table 7 Is taken to represent synthesis below the clouds 
of greenhouse models, then settling of products to the surface would yield a 1 pm-thick 
layer after 900 yr and a 5-m layer after 4.5 XIO® yr. 
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Table 7. Production Rates for Organic Matter Sjmthesized by Ammonia Photolysis and Hot H-Atom 

Chemistry Under Various Simulated Titan Conditions 


CH^/Hg/Ng/NHg 

Experiment 


Production Rates ^ 

(mole ratios) 

(Table VI) 

T, P (K, bar) 

-2 -1 
(mole, cm 8 ) 

(g cm”^ s”*) 

1/1/1/ 6.7(-6) 

(I) 

125, 0.022 

5.0 X 10^® 

2.5 xlO"*® 

1/1/1/ l.l(-7) 

(in) 

125, 1.316 

3. 1 X 10^° 

-14 

1.6 xlO 

1/1/1/ 1.6(-3) 

(IV) 

155, 0.526 

4.3 xlO*® 

2. 1 X 10”*^ 

100/1/1/ 2. 2(-4) 

(VH) 

125, 0.022 

5.6 xlO^® 

2.8 xlO"*® 

1/1/400/ 3.8(-?) 

(X) 

125, 0.526 

0.7 X 10*® 

0.35 xlO"*^ 

0.2/1/0/0.06^ 


200, 0.87 

2.9 xlO*® 

1.0 X 10"*^ 

0.2/1/0/0.06** 


115, 0.87 

5.2 X 10*® 

2.6 xlO"*^ 


Si nt 

Calculated for 1% transmission through cloud layer, except on lines 1 and 4. 
^Corresponds to initial NHg abundance at room temperature, data from Table 4. 


Electrical Discharges 


Electric discharge is the last mechanism considered for organic s 3 mthesis in 

Titan's lower atmosphere. Toupance et al. (1974), have shown that electric discharges 

through CH^ - mixtures in a flow system (26 mbar) produce mainly HCN, 

hydrocarbons, and a variety of saturated and unsaturated nitriles. Starting with a ^3% 

N„/10^ CH. mixture, about 60% of the CH. was converted to HCN, This conversion 

factor is used to < ‘imate production of organic matter by electric discharges on Titon. 

From the solar constant at Titan and an effective albedo of 0. 2, the energy flux 

-3 -2 -1 

available is calculated to be 1. 1 x 10 J cm s . For lack of other relevant data, 

the conversion of this energy to electric discharges is assumed to proceed on Titan as 

-3 

it does on Earth with an efficiency of 10 %. Therefore, the energy flux carried as 

-8 -2 -1 

electric discharges would be 1. 1 x 10 Jem s . Assuming a 5-km lightning 

2 10 

stroke with a shock column of 80 cm cross-section and a total energy of 10 J (after 

18 —3 

Bar-Nun, 1975), a CH. number density of 5 x 10 cm” in a 90% N» atmosphere, and 

^ —8 -2 —1 ^ 8 
a discharge energy flux of 1. 1 x 10 J cm s , a production rate of 1.3 x lO mole- 

— ^ —1 —15 —2 1 

cules cm”“ s” or 6 x lO” g cm” s” is obtained. This figure is appropriate for 
the lower atmosphere of the greenhouse models, and compares favorably with the 
production rates derived from hot H-atom reactions. However, the laboratory simu- 
lations of electric discharges on which the calculations are based may have little 
relevance to lightning discharges in a planetary atmosphere. Moreover, there is no 
clear information regarding the conversion efficiency of solar energy to electric dis- 
charge energy on any planet other than Earth. These considerations make statements 
about electric oischarge synthesis of organic matter on Titan speculative. Interest- 
ingly, Bar-Nin (1975, 1978) suggests that the high CgHg/CgH^ ratios observed on 
Jupiter may be manifestations of electric discharge phenomena. 


V. SUMMARY 

In recent years, several models have been proposed to account for available 
observations of Titan and to explain the processer that may be responsible. Although 
these mod.ils may differ in concept and function (e.g., greenhouse vs. inversion), 
several features must te common to all. Titan is undeniably red, w'hich is most likely 
a result of the production of a colored organic layer on the surface or in the clouds. 
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Sfiectroscopic and polarimetric data indicate the exiatenoe of a layer of particles 
Cptotochemical haze) in the atmosphere, which may be thick enough to constitute 
douds. Finalfy, in li^t of thennochemical equilibrium models, the presence of 
observable amounts of C 2 H^. ^ 2^2 indicate the occurrence of active 

organic dieroical processes. 

Nitrogen appears to be required in the atmosphere for the production of the 
uv-visible light ahsorbfng dust in the stratosphere and of the reddish surCaoe or clouds, 
or both. Although has not been observed in Titan's atmosphere, the probability of 
its existence is indicated by the hmbility of CH^ and CH^ + mtttures to yield colored 
products from particle bcnibardmect or photochemistry. The presence of would 
require the existence of NH^ in the atmosphere at some time in Titan's history and its 
subsequent (diolodissociatioa to produce the Incorporation of nitrogen from 
or or both into organic molecules :::y various processes would prochice materials 
with the necessary spectroscopic properties. 

In die upper Titan atmosphere whore the gas densities are low, reactiozis ini- 
tiated by pariicles protons, electrons) may predominate, especially those coupling N,, 

z 

with CH^. It is not clear whether CK^ can be coupled with photocbemfcally 
( X >1000 A), tmt this will be irsignificant at best. Production ra^es of organic emn- 
poa&dhi of about 10 g cm ~ s are estimated for processes initiated by solar winds, 
San'^n "wind,” anil cosmic rays. Cosmic-ray-induced reactions, bo.vever, will maxi- 
mize much 'lowe in the atmosphere than will the other particle- induced reactions. 
IfyorocarboDS will be formed from particle reactions as well as from photochemical 
breakdown of CH^. Over 4. 5 x lO y spectroscopicallv observable materials (e.g. , 
clouds or surface materials) should easily be produced. 

Photochemical processes may predominate in the lower atmospheir below the 

clouds. Although the ultraviolet flux may be reduced bj- 2 - 4 orders of magnitude from 

tte incident value, atmospheric photochemistry may nevertheless be significant from 

the oc'*’ rrence of hot H atom reactions. The hot H atom may be produced from small 

amounts of NH, in the lower atmosphere. Production rates for organic matter are 
" -14 -2 -1 

estimated to be about 10 g cm s (Table 7), or ten t^mes the upper-atmosphere 
rates. Electric discharges, if they occur, should produce about the same level of 
organic chemicals. 

Thus, the surface of Titan should be covered by ancient or recent organic 
matter produced in the atmosphere. This material should include both hydrocarbons 
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•irf N-orgaiiicft. Tliercfore, stufty of the satellite's surface in any lander missioc 
should include organic analysis as a prime science objective, with particular attaathm 
tc the chemistry of the organogenic el>mects H, C, N. O, and S. 
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ABSTRACT 

The Suuni sjrsaeni presents exdtit^ end uniqtis obfects Sir pbneaiy 
gerotMMiij'. The piiococfaemiwy oa ll^ and leads to the fartnatiMi of 
an ionosphere. Methane phocoljrsis results in die ionnadon of spectio- 
scopicalljr detectable amounts of CiH» acxi CjH, and in the ci^ of Tion, 
CjH,. Density profiles of C,H^ and PH, should be indicative of the 

strencth of Mniospherk mixif^ processes. 


INTRODUCTION 

The Saturn system presents exciting and unique objects for planetary aeronotny. 
The presence of hydrocarbons on Titan raises interesting possibilities for organic 
chemistiy. Light gases may escape Titan's gravitational field but .not the strot^r 
planetary field of Saturn and thus lead to the formation of a gaseous toroidal cloud 
armiml Saturn (McDonough and Brice, 1973a, b). From our limited information 
Saturn's upper atmosphere appears similar in thermal structure, composition, and 
photochemistry to the Jovian upper atmosphere. 


THERMAL STRUCTURE 

A distinctive feature of the Saturn system is the thermal IR emission. On 
Saturn the pronounced emission peak of CH^ at 7. 7 pm suggests a warm stratosphere, 
T ^ 130 K, while tlm same feature on Titan is indicative of temperatures > 160 K. The 
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most plSAsible interpretation of thess emission spectra is the presence of a 
temperature inversion in their stratospheres similar to the Earth's layer with 
solar IR heatii^ in the 3.3 pm CH^ band balanced by IR cooling in the 7. 7 pm CH^ 
band, the 12.2 pm band, and tte 13.7pm (Gillett et a/., I960; Danielson 
ef siL, 1973). Additional beating may be required to achieve these observed '*temper> 
atures" and fine absorbiag particles which absorb UV and visible sunlight have been 
suggested (Axel, 1972; Danielson et sf , 1973). Since these particles are very small, 
they are poor emitters and will heat up and coUisicmally transfer their energy to 
atmospheric gases. 

Strobel and Smith (1973) concluded that the globally averaged vertical temper- 
ature contrast in the thermospheres of Saturn and Titan was ~10 K and ~90 K, respec- 
tively, for solar EUV heating only. R should be remembered that Pioneer 10 
measured a Jovian ionospheric scale heq^t that implied a much warmer diermo- 
spbere than solar EUV heating could maintain (Fjeldbo et of, 1975). The above 
temperature contrast far Saturn's thermosphere diould be regarded as a minimum 
value. 


PHOTOCHEMISTRY OF Hg 

Molecular hydix^n, the major constituent of the outer planets, has a dis- 
sociation continuum below 845 A ai^ an ionization continuum below 804 A (Code and 
Metzger, 1964). Discrete alraorption in the L}rman and Werner bands can lead to 
fluoresceid; dissociation of (cf. Field et of, 1966; lecher and Williams, 1967). 

The deposition of solar EUV radiation in a H atmosphere results initially in the pro- 

+ ^ + 
duction of primarily H^ ions, which react with H^ to produce H^ H and break a 

H^ >.jnd. If He is present the production of He ^ ions will result in the dissociatiem 

of ^2 ^ ion-molecule reactions. For each molecule and He atom ionized at least 

two H atoms will be produced. Three body recombination of H atoms is exceedingly slow 

in the ionosphere and consequently there is a large downward flux of H atoms on 

Saturn from tnis region. For Saturn the globally averaged downward H atom flux is 

-2 X 10® cm'^ s“^ (Strobel, 1973c). 

The planetary albedo at Ly-a is in simple terms a measure of the H atom 
column density above the absorbing CH^ layer. This column density is a sensitive 
function of the eddy diffusion coefficient, K, in the vicinity of the turbopause 
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(Hunten, 1969; Wallace and Hunten, 1973). The recent rocket meaeurement of 

Ly-a from the Saturn system by Weiser et aL (1977) gave ~700 R for die didc. This 

is con^iarable to a 2kR signal from Jupiter and, based on Wallace and Hunten (1973), 

/ 6 “ 7 ) 2 "1 

would suggest an ed^ diffusion coefficient near the turbopause of 10^ ' cm s . 

In additioD Weiser et si (1977) detected ~'200 R of Ly>a in the vicinity of Saturn which 
may be indicative of a hydrogen atmosphere associated with the ring system. Ifea- 
sureraents of the Li’-a brightness around the satellites will provide important infor- 
mation on processes that produce the gaseous toroidal clouds discussed in the 
Intnxhiction. 

The formation of an ionosphere H^-dominated atmosphere has been most 

recentfy discussed by Atr^a and Dooahue (1975). Of particular importance are 

the major sources of H ^ ions as a H ^ plasma can only recombine radiatively at a 
—12 3 —1 '*■ 

slow rate (~7 x 10 cm s ). The ions produced by the reaction 

■“-7 2-1 + £ £ 

dissociatively recombine rapidly (^4 x 10 cm s ). Thus H will be the major 

ion down to a level vdiere the three bcdy reactioD H + Hg + Hg ^ + 
rapidly. This behavior is illustrs^ed in Figure 1 for Saturn. In the lower ionos{diere 
(< 125 km. Figure 1) hydrocarbon ions, produced by hydrogen ions (H Hg^) 

reacting with CH^ and pbotoionization of CHg radicals (Prasad and Tan, 1974), 
dominate . They dissociatively recombine an order of magnitude faster than Hg^ and 
would lead to lower electron densities (up to a factor of 3) in this region than illus- 
trated in Figure 1 . Ionospheric models have also been developed for Titan by 
Whitten et of. (1977X 


Hg proceeds 



Figrrr I . ^ Model for Satetru'e eaBospixrt tilth 

K = 2 X amdHe mixtpg ratio tfO.24. 

The vtrtkal tcale pua the height ahnt a rtftrtmx 
lett! ulxTt the W, dmity it 1 x 
Atrtya aad Otmahu, 1975). 
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PHOTOCHEMISTRY OF HYDROCARBONS 


The principal hydrocarbon in the outer solar system is CH^. has been 
detected in the atmo^heres of Saturn, aikl Titan (Ridgway, 1974; Gillett and Forrest, 
1974; Gillett et al . , 1973). Hydrocarbons in the presence of UV radiation can form 
polymers. Based on photochemical moctels for the outer planets Strobel (1975) con- 
cluded tiiat only a small percentage of dissociated CH^ molecules are converted to 
complex hydrocarbons. To first order a closed photoctemical model can be con- 
structed; the principal reactions are schematically presented in Figure 2 . 

Approximately 70% of the solar photons which dissociate CH^ are at Ly-o where the 
primary processes are (Rebbert and Ausloos, 1972; Ausloos, 1972) 

CH^ + h^(Ly-a)^ ^CHg + Hg 92% 

CH + H + H2 8% (1) 

where ^CHg ctenotes the singlet state of CHg. 

The only chemical means (other than energetic photons) for breaking the bond 
of two C atoms is the reaction sequence: H + H + 2CHg. For 

this dcstructicm to be important a large H atom concentration is required at pressures 
~10 mbar. As a consequence there is some production of hi^er h\^rocarbons. To con- 
serve C atoms a (townward flow of CgHg and is balanced by an upward flow of 
CH^. It is postulated that a deep circulation is present in Saturn that transports 
hitler hydrocarbons to the hot, dense interior where they undergo thermal decompo- 
sition to produce fresh CH^ which is transported upwards to replenish the CH^ 
destroyed in photolysis. 

The photochemical model is must sensitive to the [CIi^]/[H 2 ] mixing ratio, 
the escape rate of H atoms from the atmosphere, and the atmospheric mixing rate 
(eddy diffusion coefficient). From Figure 2 it is evident that as the [CK^J/fHgJ ratio 
increases, the production rates of and CgHg will increase. The fate of the CHg 
radical depends on the (H]/[CHgl ratio and determines the rate at which CH^ is 
recycled. Although the escape rate of H atoms from Saturn is negligible, it can be 
substantial from the satellites and actually control the H atom density distribution. 

A large escape rate depresses the H concentration and results in large conversion 
rates of CH^ to CgHg and ( >90% for Titan (Strobel, 1974a)). Also large con- 
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centrations of C 2 H 2 will efficiently remove H atoms by catalj'tic recombination as 
illustrated in Figure 2, H + C 2 H 2 — C 2 Hg, H + ^2 ^ ^2*^2 IS^Sa). 

The most abundant hydrocarbons produced in CH^ photolysis are ^ 2*^6 
C 2 H 2 . They have vertical density distributions of the form (Strobel, 1974b): 


n = c exp 


- z 


1 1 

H 

+ K 

H ' H, 

av 


av k_ 


( 2 ) 


where K = exp(z/Hj^), is the atmospheric scale hei^t, C is an integration 
constant, and is the downward flux approximately equal to the column production 
rate. Typical hydrocarbon densities are illustrated in Figure 3 for Saturn. ^ 2 !!^ is 
a stable molecule in a cold, reducing atmosphere. If the interior conditions do not 
require rapid downward flow, then the C^Hg density profile is given approximately 
by ttie first term of (2), i.e. , C 2 Hg is mixed. For rapid downward flow the ^ 2 !!^ 
density profile will exhibit the scale height of K and be represented by the second 
term of Equation (2). For ^ 2^2 chemical removal occurs when the ratio 
[h 1 /[H 21 is very small. A large downward flux is required to balance this loss. Con- 
sequently its density profile is represented by the second term of Equation (2). The 



Figure 2. Principal reactions of hydrocarbon photochemisiry in the nultr tolar system atmosphere { after 

Strobel. 1975). 
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LOGlij. cm”^ 


Figure 3- Hydrvcarben iknstty profiles for the Saturnian atmosphere with indicated eddy diffusion prrfile. Solid line. 

K oc (M} dashed lined: K — IO^cm^s~', where (M} = number density of atmospheric gas. Lower boundary 
condition for Cjll^ is a small downuard flux (see Strebel. 1973a). 

rapid decrease in the H concentration below 200 km is due to catal 5 rtic removal by 
CgHg (Strobel, 1973a). It should be noted that for (and CgHg if rapid downward 
flow is required) that the very rapid mixing characteristic of the troposphere will 
result in a substantial decrease in the number density below the tropopause (cn the 
order of the ed(fy diffusion coefficient ratio). 

Products of CH^ photolysis on Titan are removed by condensation at a cold 
tropopause and possibly dissolve on the cold surface. As a consequence a large down- 
ward flux of photolysis products is anticipated cm ^ s primarily CgHg and 

CgHg). CK'er the age of the solar system this would represent an accumulation of 
30 kg cm”^. Photochemical models for Titan predict observable amounts of CgHg 
and CgHrt for slow mixing rates in the lower stratosphere (eddy diffusion coefficients 
<10® cm^ s"^) as illustrated in Figure 4. Their density profiles are represented by 
the second term of Equation (2), from which it follows that large densities are associ- 
ated with slow mixing. The other essential features of the model are that the CgHg 
abundance is sensitive to the eddy diffusion coefficient, the composition of Titan's 
atmosphere, and the net escape rate of H atoms from the exobase, whereas the 
abundance is principally sensitive to the eddy diffusion coefficient. 
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PHOTOCHEMISTRY OF PH^ AND NH^ 

On Saturn and Titan the cold trap temperatures at the tropopause are suffi- 

•12 

ciently low and restrict the NHg mixing ratio above this level to less than 10 . As 

a consequence only the more abundant PHg on Saturn is aeronomically important. The 
Prinn and Lewis (1975) model is applicable with the addition of the reaction 
H + PH„ PH„ + H„, which effectively doubles tiie dissociation rate (Lee et dL, 1976; 
Strobel, 1977). One questionable feature of this model is the absence of any direct 
mechanism for partial recycling of in the photolysis region. Each absorbed UV 
photon by PH^ leads to irreversible conversion to P^ (red phosphorus). 

The vertical PHg density profile is given ly 


[PHg] « exp 




( 3 ) 
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4 e J 

'W 

where r , J is the dissociation rate and c~2 as discussed above. 

For sufficiently slow mixing, tliis ex}>ression reduces to 


[PH.J oc exp 

v’ 



-7 -1 4 3 -1 

For Saturn eJ~2 x 10 s and if K~10 cm s , then the effective PH^ scale height 
is~2 km, i.e. PH^ is confined to the lower stratosphere. The vertical distribution 
of IPHg] is tlius indicative of K(z) in the lower stratosphere. 

SUMMARY 

The photochemistry of and He leads to the formation of the main ionosphere 
and, through ion chemistry and recombination, H atoms. Observations of electron den- 
sity and ion composition will jneld information on the chemistry and structure of the 
ionosphere. H atoms can be observed by Ly-a emission and interpretation of the 
data should yield the mixing rate near the turbopause. CH^ photolysis leads princi- 
pally to the formation of and is a photochemically stable molecule 

and, depending on the lower boundary condition, is either quasi-mixed or K [CgHgJis 
quasi-conserved above the tropopause. Also K [C„H ] is quasi-conserved in this 
region. Thus observations of the ^2^2 ^2^6 profiles can jdeld informa- 

tion on K(z) and the magnitude of the downward C H. flow to the interior in the case 

O 

of Saturn. The extent of catalytic removal of H atoms by requires a 
measurement of H density profile. The models predict [C 2 Hj/[C 2 H 2 l « 1 and that 
C-H can only be detected on Titan where its scale height is an order of magnitude 

A 4 

larger than on Saturn. .A^ttempts to observe would serve as a useful internal 
check on the models. 

NHg should be frozen out below the tropopause on Saturn and Titan and thus 
be aeronomically unimportant. On Saturn the vertical PHg density profile should be 
indicative of K(z) intiie lower stratosphere in a similar manner as the NH^ profile on 
Jupiter (Strobel, 1973b). 
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DISCUSSION 


S. CHANG: If a probe went into Jupiter's atmosphere or Saturn's atmosphere 
and actually found sigraficant amounts of ethane in the troposphere, would you conclude 
that some process other than methane photochemistry is responsible? 

STROBEL: That would be one possible interpretation. The other is that 
thermodynamically there were large amcirnts in the deep interior and that the mixing 
was violent enough to carry it up tc the observa!'le region. 

A. TOKUNAGA: Is there an> evidence that the eddy diffusion coefficient is 
uixferent at the poles relative to the equator? If that were the case, the ethane mixing 
ratio might vary with latitude. 

D. STROBEL: The eddy diffusion coefficient works best when it is regarded as 
a global average. As one tries to ascribe to it horizontal variations, I th^nk one is 
stretching the use of the concept. Ic's a convement factor to use as a first estimate of 
what's goii^ on in the atmosphere, but when the subject becomes sufficiently mature, 
one should use actual dynamical equations to calculate the tr:msport. 

J. POLLACK: Didn't Don Hunten once nickname it the eddy confusion 
coefficient? 

D. HUNTEN: The straight answer to Alan's question is that there could be 
large variations in vertical transport rates with latitude on a planet like Saturn, very 
large. 

D. STROBEL. Especially if the vertically propagating waves are the cause of 
the phenomena and depending on where they are excited, 

D. HUNTEN: George Siscoe was quite interestea in hydrogen production rates 
and, of course, they can be derived implicitly from these computations. The vertical 
curves at the bottom right of Figure 4 give a downward flux of the things left ovei , 
once you've made hydrogen. The corresponding hydrogen is escaping, and the rate is 

n -2 -1 

9 X 10 cm s . 

D. STROBEL: Right. I should emjihasize that the atmosphere is com Ider- 
ably larger than the solid body, and therefore captures more solar photons than 
you might think. 
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ABSTRACT 

Measunefnents of Saturn’s disk t«mpefatute ate compiled to determine the 
planet's microwave q>ectnini from 1 mm to 10b cm wavelength. Tlte data 
weci; adjusted to confirm with a cmmiKm flux density scafe. A model of 
Saturn’s rings is used to remove the effects of the rings from the 
atmos|flisric component at cendmeter and decimeter wavekcgths. Theo- 
retical spectra, for a number «rf co n v e ct ive atmospheric models were 
computed and compared with the observed spectrum. Radiative-convective 
models with approximately solar con^wsition and with an effective tem- 
perature of "89 K are in good agreement with the observations. The 
agreement between the <d>served and dwocetkal spectra is a stcoi^ indi- 
cadot? that gaseous ammonia is present in Saturn's atmosphere. A good fit 
to the data is obtained with an ammonia mixing ratio of ~S X 10~*. Lower 
values of the Nri 3 mixing rrtio can also provide a good fit provided an 
addhional source of microwave opacity is present in Saturn’s atmosphere. 
Liquid water droplets in die troposphere could proi'ide a substantial 
microwave tqiacity. A comparison of the millimeter wavelei^h data with 
the “best-fitting’’ atmospheric spectrum indicates that the thermal com- 
ponent of the ring br^tness temperature near 1 mm w<ivelength is 
~25 K. 


INTRODUenON 

Theoretical studies have shown that Saturn's microwave spectrum can be 
explained by thermal emission from the tropospheric region of an atmosphere witii 
generally solar composition and with ammonia as the primary source of microwave 
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opacity (Guilds etal.. 1969; UYix(m and Welch, 1970; Guilds and Pointer, 1972; Ohring 
and Lacser, 197S). In all of these studies, die influence of the rings on the observed 
brightness temperatures was assuined to be negligible. Because the available 
data consisted almost entirely of dbservaticms mads with very low spatial resolutton, 
the microwave p^c^rties of tte rings were virtually unknown. In recent years* 
measuremenis of the plrnet and rings have been made with radio inteifercaxieters operat- 
ing at wavelengths from 0.8 to 21 cm. These i^w data provide strong constraints on 
the micrcware properties the rings and hence tteir influanoe on the microwave spec- 
trum can now be estimated, hi addition, the microwave flux-density scale* which is 
used to calibrate die planetary m. .surements, has been dctined with better accuracy and 
over a larger wavelmigtb interval than it was only a fcv.* years ago. In thi.s paper we 
make use of the new data to re-analyze Saturn's microwave spectrum. 

We have compiled a new list of the published measurements Saturu's micro- 
wave disk temperature for wavelengths betwecc. 1 mm and 100 cm. The data are nor- 
malized to a uniform calibration scalo and the eflects (e.g. * obscuratimi* scattering 
and eraissicm) of the rii^s are computed for a simple model of the rii^s. Computed 
spectra for several atmospheric models are compared with the spectrum from 0. 8 cm 
to 100 cm. The influence of the rings in this spectral region is found to be small and 
it can be removed with confidence. Two 'best fit" models are determined* one with an 
NHg mixing ratio which is somewhat greater than a solar value, and the other with a 
solai>like mixii^ ratio but with an additional opacity source near the 270 K level 
in the troposphere. When either of these atmospheric models are extended to millimeter 
wavelengths, the computed temperatures fall systematically below the observed disk 
temperatures. This result is explained if the thermal component of the ring brightness 
temperature, assuming bofli the A and B rings are uniformly is ~25 K for wave- 

lengths near 1 mm. Finally* we computed the vertical transmission loss tiiat a probe 
communication link is likely to encounter as it penetrates Saturn's atmosphere. 


SATURN'S mCROWA\^ SPECTRUM 
Data Normalization Factors 

Our list of measurements of Saturn from 1 mm to 100 cm is given in Table 1. 
Because most of the observations were obtained with single antea’>as having low spatial 
resolution, the majority of the reported temperatures include the integrated flux density 
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Table 1. Saturn's Microwave Spectrum 


(1) 

(2) 

(3) 


(4) 

(6)^ 

(6)'’ 

A 

T 

Error 
<rel, abs) 

|B| 

^CAL 

fn(B) 

(cm) 

(K) 


(K) 

(deg) 



0.1 

145 

( 7 

» 

14) 

22.0 

1.0 

0.983 

0.12 

140 

(15 

f 

22) 

10.2 

0.940 

0.996 

0.14 

194 

( 8 

f 

21) 

26.6 

0.983 

0.975 

0.14 

120 

( “ 

9 

30) 

20.0 

1.070 

0.985 

0.14 

184 

( 6 

9 

13) 

26.6 

1.0 

0.975 

0.14 

188 

( 5 

9 

14) 

25.4 

1.0 

0.977 

0.213 

164 

( 5 

) 

12) 

26.4 

0.980 

0.976 

0.309 

148 

( 5 

9 

11) 

21.0 

1.0 

0.984 

0.33 

150 

( 6 

9 

- ) 

8.0 

1.0 

0.998 

0.33 

155 

( 3 

9 

- ) 

16.2 

1.0 

0.990 

0.341 

144 

( 2 

9 

- ) 

10.5 

1.0 

0.996 

0.35 

132 

( 6 

9 

13) 

16.3 

1.220 

0.990 

0.353 

151 

( 3 

P 

- ) 

25.2 

1.0 

0.978 

0.387 

115 

( 3 

9 

15) 

26.4 

1.286 

0.976 

0.428 

148 

( 7 

9 

- > 

25.9 

1.0 

0.977 

0.6 

156 

( 7 

9 

- ) 

25.9 

1.0 

0.977 

0.696 

158 

( 4 

9 

- ) 

10.1 

1.0 

0.996 

0.82 

132 

( 4 

9 

9) 

17.6 

1.0 

0.989 

0.833 

147 

( 4 

9 

9) 

24,9 

1.0 

0.978 




TyT* 1 _ Reference 

3 ly 3 


(K) 

0.937 

135. 4 

Werner e(a/. (1978) 

1.007 

132.0 

Low and Davidson (1965) 

0.888 

165.2 

Rather et al. (1974) 

0.911 

115.3 

Kostenko etal. (1971) 

0.898 

161.1 

Courtin et al. (1977) 

0.914 

168.0 

Courtln et al. (1977) 

0.876 

137.4 

Ulich (1974) 

0,973 

141.7 

Ullch etal. (1973) 

1.024 

153.2 

Epstein et al. (1970) 

1.016 

156.0 

Epstein (19f8) 

1.043 

149.5 

Ulich (1978) 

1.0.35 

165.1 

Pauliny>Toth and Kellermann (1970) 

0.939 

138.6 

Ulich (1978) 

0.923 

133.2 

Voronov et al. (1974) 

0.932 

1.34.7 

Ulich (1978) 

0.955 

145.4 

Ul'.ch (1978) 

1.063 

165.7 

Ulich (1978) 

1.059 

138.2 

Kuzmin and Losovsky (1971) 

* 

144.0 

Janssen and Olsen (1978) 
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Tabid 1. Saturn's Miorowave Spectrum (oostd. ) 


<1) 

(2) 

(3) 

(4) 

(5)“ 

(6) 

(7)° 

(Sf 


\ 

T 

Error 
(rel, abs) 

|B| 

^CAL 

/o(B) 



Reference 

(cm) 

(K) 

(K) 

(Ueg) 




(K) 


0.845 

151 

( 3 

7) 

17.7 

0.980 

0.988 

1.056 

154.5 

Wcixon and Welch (1970) 

0.95 

m 

( 3 

13) 

4.0 

1.087 

0.999 

1-028 

141.8 

Pauliny-Toth and Kellermann (1970) 

0.955 

135 

( 7 

- ) 

25.9 

1.0 

0.977 

0.981 

129.3 

Ulich (1978) 

0.955 

136 

( 4 

6) 

22.0 

1.0 

0.983 

1.037 

138.6 

Dent (1972) 

0.955 

126 

( - 

6) 

6.0 

1.059 

0.999 

1.043 

139.0 

Hobbs and Knapp (1971) 

1.176 

131 

( 3 

6) 

17.7 

0.980 

0.988 

1.073 

136.1 

Wrixon and Welch (1970) 

1.265 

127 

( 4 

6) 

18.4 

0.980 

0.988 

1.074 

132.0 

Wrixon and Welch (1970) 

1.304 

139 

( 2 

8) 

23.6 

0.918 

0.981 

♦ 

125.0 

Schloerb (1977) 

1.463 

131 

( 3 

5) 

17.0 

1.0 

0.989 

1.064 

140.4 

Wrixon and Welch (1970) 

1.53 

141 

(10 

15) 

10.2 

0.867 

0.996 

1.070 

145.4 

Welch et al. (1966) 

1.95 

145 

( 4 

- ) 

4.0 

0.938 

0.999 

1.038 

141.1 

Pauliay-Toth and Kellernaann (2970) 

2.07 

162 

( 4 

7) 

26.5 

1.0 

0.978 

1.020 

161.2 

Gary (1974) 

3.12 

137 

( 7 

12) 

6.2 

1.053 

0.999 

1.043 

150.3 

Berge (1968) 

3.56 

170 

( 2 

6) 

26.5 

1.0 

0.976 

1.011 

167.7 

Gary (1974) 

3.56 

158 

( 2 

6) 

17.9 

1.0 

0.988 

1.091 

170.3 

Turegano and Klein (1978) 

3.71 

161 

( 5 

7) 

26.1 

1.035 

0.976 

♦ 

163.0 

Cuzzi and Dent (1976) 

3.71 

171 

( 5 

- ) 

15.3 

1.0 

0.991 

♦ 

169.0 

Schloerb (1977) 

3.75 

168 

( 7 

11) 

5.8 

1.048 

0.999 

1.045 

183.7 

Seling (1970) 

6.0 

175 

(17 

19) 

10.0 

1.040 

0.996 

1.072 

198.8 

Kellermann (1968) 


Table 1. Satuxn's Microwave Spectrum (oontd. ) 


(1) 

(2) 

(3) 

(4) 

(B)*^ 

(fif 

(7)" 

(8)° 


X 


Error 
(rel« abs) 

|B| 

^CAL 

fa<P) 

T /T* 

'^s 

Reference 

(cm) 

(K) 

(K) 

(deg) 




(K) 


6.0 

190 

< - , 45) 

0.2 

1.0 

1.000 

1.000 

190.0 

Hughes (1966) 

6.2 

162 

<12 , 18) 

24.8 

1.087 

0.978 

1.044 

171.8 

Gerard and Kaaeo (1973) 

9.0 

105 

( - , 26) 

1.1 

1.060 

1.000 


175.0 

Berge and Road (1968) 

10.0 

196 

( - , 44) 

17.9 

0.988 

0.988 

1.086 

207.7 

Drake (1962) 

10.7 

172 

( - . 20) 

5.4 

1.061 

0.999 

* 

182.0 

Berge and Read (1968) 

11.1 

186 

(20 , 25) 

25.^ 

1.050 

0.978 

1.033 

197.2 

Gerard and Kases (1978) 

11.3 

132 

( 4 , 18) 

14.7 

1.024 

0.992 

1.085 

200.6 

Davies efal (1964) 

11.3 

196 

(17 , 20) 

8.0 

1.026 

0.998 

1.056 

211.6 

Kellermami (1966) 

21.1 

208 

(13 . -) 

16.8 

1.010 

0.989 

* 

208.0 

Berge and Mubleman (1973) 

21.1 

231 

( 9 , - ) 

21.8 

0.978 

0.983 


222.0 

Berge and Mubleman (1973) 

21.1 

230 

(10 , 15) 

25.2 

0.988 

0.978 

* 

222.0 

Briggs (1973) 

21.2 

286 

(10 , 37) 

18.0 

0.960 

0.988 

1.089 

292.0 

Davies and Williams (1966) 

21.2 

193 

(20 , 25) 

21.5 

0.988 

0.983 

1. 071 

200.8 

Gerard and Kases (1973) 

21.2 

207 

(20 , 25) 

25.0 

0.988 

0. 978 

l.OSl 

206.2 

Gerard and Kases (1973) 

21.4 

214 

(14 , 15) 

26.2 

1.029 

0.976 

1.016 

218.1 

Condon et aL (1974) 
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Table 1. Saturn's Microwave Spectrum (contd. ) 


(1) 

A 

(cm) 

(2) 

'^D 

w 

(3) 

E rror 
(rel, abs) 

(K) 

<4> 

|B| 

(des) 

(S)® 

^CAL 

(«)*’ 

7„w~ 

r>__' 

(8)® 

Tg 

(K) 

Reference 

49.5 

390 

( - , 66) 

21.8 

1.050 

0.983 

1.074 

432.2 

Yerbury etal. (1971) 

69.7 

385 

(45 , 49) 

26.3 

1.0 

0.976 

1.019 

382.8 

Condon et al. (1974) 

94.3 

040 

( - »r.0) 

24.7 

1.0 

0.979 

1.040 

649.6 

Yerbury effl/, (1973) 


^The factor fcAL multiplier used to normalize the observed disk temperatures to the microwave flux density 
scale of Baars, Genzel, 7auliny-Toth and Witzel (1977) for 100 > A >1 cm; and the spectrum of DR-21 for 1 > A > 

0.3 cm (Dont, 1972 ; B. L. Ulich private connimunlcation). For A <0.3 cm, we rely oii the calibration of the most 
recent observations, and we normalize the older data to this calibration via the observed ratios of Saturn to Jupiter 
and Venus. 

^The disk temperatures listed In coltunn 2 are based on the solid angle given by the polar and equatorial semi- 
diameters of Saturn published in the ACNA. The factor f^fB) corrects this reference solid angle to the value for an 
oblate spherlod inclined to the observer at the angle B. 

The ratio T^/Tp , where computed based on the ring model described In the text. 


% 

Tq is thus the equivalent disk temperature of the Satum-ring system, adjusted to a common flux density scale 
and corrected viewing geometry, while Tg is the average brightness temperature of the disk alone. 



from both the planet and the rings. The temperatures given in the aecaoA cohimn of the 
table are based on the assumption that all of tiie observed flux density is emitted from 
the solid angle of the apparent disk of Saturn, i.e. , emission, scattering and obscura- 
ti<m by the rings was i^iored for all but tte nine interferometric observatimis. We 
treat the interferom^ic data separately because the influence of the rings was already 
removed by the authors, hi flw followh^ discussion we describe the various correc- 
ti<ni factors we have aj^lied to flie ordinal data to derive the final disk temperatures 
(Column 8), which represents the microwave spectrum of Saturn’s atmosphere. 

All of observed temperatures were adlnsted to a comnon flux-<teimity sc»le 
given by Baars et of (1977), and to the solid angle computed from the polar and equa- 
torial semi-diameters givmi in tee American EpI-'^meris and Nautical Almanac. The 
flux scale normalization factors, listed in Column 5 of Table 1. An addi- 

tioiml correction was applied to the data to account for the fact teat tee solid angle of 
an oblate spheriod varies with B, which is tte angle tee plaimt is ti(^>ed toward (or 
away from) the Earth at the time of the dt>servation. The correspondii^ correction 
factors for the solid angle, fQ(B), are given in Column 6. 


hifluence of the Rings 

To remove the influence of tee rings from Saturn's microwave spectrum, we 
ad(^ a mo^l for the microwave properties of the rings and use teis model to derive 
correctimi foctors to be ai^lied to tee single antenna measurements. These correc- 
tion factors, given in Column 7, convert tee measured disk temperatures, which 
include the influence of the rii^s, to the temperatures that would have bemi observed 
if teere were no rings. We account for the finite beamwidth of the antenna used for 
each measurement. The latter correction is primarily important at the short wave- 
lengths where tee spatial resolution of antennas can be comparable to the angular size 
of Saturn’s Rii% system. The correction factors account for tee weak thermal emission 
from the rii^s, for the fraction of thermal emission from Saturn's disk reflected off 
the rings, and for the attenuation of atmospheric emission transmitted through the sector 
of the rings which obscures the planet. The three components are schematically 
identified in Figure 1. 

The nominal ring model incorporates the followii^ assumptions and approxima- 
tions. First, we assume that only the A and B rings are important to this discussion 
and that tee microwave properties of these two rings are identical. We adopt T = 0.7 
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Figurt I . Schematic model of the brightness distribution ^ Saturn and the rings. Given the ring parameters Tf 
and T, the brightness temperature, Tf, of Saturn's disk can be determined for any ring-inclination B. Tf is the 
temperature that would be measure in the absence of the rings. 


for the optical depth of tiie rings at normal incidence and compute the absorption of the 
atmospheric emission by the obscuring sector of the rii^ (see F^ure 1). We hirther 
assiune that the opacity is independent of frequency over the microwave spectrum. 

These assiunptions are based on the results of recent interferometric daservations 
(Briggs, 1973; Berge aiul Muhleman, 1973; Cuzzi and Dent, 1975; Schloerb, 1977; Janssen 
and Olsen, 1978). 

The ring brightness temperature, Tj^ is given the sum of T^ and f(r)Tg, 
where T^ is the thermal brightness temperature of the rings, f(r) is an expression for 
the radial dependence of the reflected atmospheric temperature, Tg. The function 
f(r) is computed with the assumption that the rings form a perfectly- reflecting 
Lambertian-scattering surface. This assumption is an acceptable approximation to 
the more physically realistic models with multiple scatterii^ computations (see e.g. , 
Schloerb, 1977). The observational results for X > 1 cm show that T^ is consistent 
witii the reflected component as the primary source of briefness with the possibilily 
of a small thermal component. For our nominal model, we set T^ 2 ± 2 K and calcu- 
late an aver£^e total ring contribution of T^ 7 K. This choice encompasses the 
results of all interferometric measurements at centimeter wavelengths. 

There is evidence that T^ Increases with decreasing wavelength shortward of 
>^1 cm, but tilie wavelength dependence is strictly unknown. The computations oi the 
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correction factors listed in the table are based on the assumption that increases 

monotonically from 7 K near 8 mm (Janssen and Olsen, 1978) to 25 K near 

1 mm wavelength. We show in a following section that this increase in is consis- 
tent with the millimeter observations. 

A computer program was written to calculate the disk temperature of the model 
illustrated in Figure 1 and described above. The bri§ditness temperature Tg was 
adjusted to give tiie corrected disk temperature corres- 

pondii^ correction factor Tc/T_’*‘ was then calculated for each single antenna obser- 
vation in Table 1 and is listed in Column 7. The brightness temperature T^ 

(Column 8) is the disk temperatiu'e of Saturn which would be measured in the absence 
of rings. 


ATMOSPHERIC MODELS 

We computed theoretical microwave spectra for several models of Saturn’s 
atmosphere to compare with the obsen'ational data. Each model is in hydrostatic 
equilibrium throughout, with the lower tr<^osphere in convective equilibrium. The 
temperature-pressure profile in the upper stratosphere is given by the solution of the 
Eddington equation for a constant-flux, gray radiative atmosphere. The range of 
models is constrained by the effective temperature, T^, that we allow in the solution. 
Current estimates of Saturn's e£fective temperature, derived from infrared observa- 
tions, are near 90 K (e.g. , Ward, 1977). We will restrict our discussion to three 

models which we designate Nominal (T = 89 K), Cool (T = 84 K) and Warm (T = 

6 6 6 

94 K). 

The composition for each model is assumed to be primarily H 2 and He with 

CH., NH„ and H»0 as minor constituents. The H„, He and CH. are assmned uni- 
432 2 4 

formly mixed throughout the atmosphere with a He/H„ number mixing ratio of 0. 2 and 

-3 ^ 

CH^/Hg = 2.1 X 10 (Caldwell, 1977). Ammonia is assumed to be uniformly mixed in 
the troposphere and saturated in the upper troposphere. The partial pressure of satu- 
rated ammonia is controlled by the temperature according to the condensation relation 

Log Pjjjj = 9.9974 - 1630 T"^ (1) 

3 

where the pressure is in millimeters of Hg and T is degrees Kelvin. 
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The procedure for calculatii^ the models begins with an initial estimate of a 
pressure-temperature point on an adiabat deep in the atmosphere (p > 10 atm). Solu- 
tions to the equation of hydrostatic ^]uUibrium give the pressure at successively 

h^er altitudes as the temperature decr^ses with the adiabatic gradient. For our 

2 -1 

choices of composition and gravitational acceleration (g = 905 cm s ) the adiabatic 
gradient xs -0.97 K km"^. Both adiabatic lapse rate and a radiative lapse rate are 
calculated at each pressure point, until the adiabatic gradient overtakes the radiative 
gradient. Above this point, the temperature foUows the radiative profile with 
increasing altitude. With this procedure, eac i pressure-temperature profile is 
uniquely specified either by a single pressure-temperature point or by the effective 
temperature. A more complete discussion of this procedure is given by Klein and 
Guilds (1978). 

The pressure-temperature profiles for our Warm, Nominal and Cool models 
are shown in Figure 2. The condensation temperatures for water and ammonia are 
marked to indicate the respective pressures where cloud bases are expected. The 
solid curves represent die convective portion of tiie atmosphere and the broken curves 
show the radiative regime. The thermal profile in and above the stratosphere does not 



TEMPERATURE, K 

Figure 2. Pressure-Temperature profiles are shown for three atmospheric models of Saturn described m 
the text. The Cool, Nominal and VParm models correspond to the effKtive temperatures, respectively shown 
from left to right, T, = 84K. 89K. 94K. 
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affect our interpretation of Saturn’s microwave spectrum because the microwave 
opacity is very small in this region. For this reason we are not concerned with a 
temperature inversion which might form at high altitudes. 

The atmospheric parameters, i.e, , pressure, temperature and composition 
are related to the observed microwave brightness temperature through the equation of 
radiative transfer. The final step of our modeling program (see Klein and Guilds, 
1978) is to compute the distribution of the microwave brightness over the planet and 
from this we compute the mean brightness temperature of Saturn's oblate disk as a 
function of frequency. The resultant microwave spectrum for each model can then be 
compared with the spectnun, of the "ring free" temperature, Tg. 


INTERPRETING THE SPECTRUM 
The NHg Abundance 

Among the various molecular species diat have been detected or that are likely 

to be found in Saturn's atmosphere, ammonia is by far the most effective source of 

microwave opacity. For this reason, the observed microwave spectrum contains 

information on the average concentration and vertical distribution of ammonia on a 

global scale. In particular, the shape of the computed spectra corresponding to 

different atmospheric models depends upon our choice of [NH^], which is the number 

mixii^ ratio of ammonia at depth, and upon the pressure-temperature profile of each 

model. In this section the observed spectrum of Saturn's atmosphere is compared 

with the computed spectra for our Nominal model (T = 89 K). Several values of 

© 

[NH„] are obtained and the sensitivity of the result to variations in other model assump- 

O 

tions is discussed. 

For our study of the ammonia mixing ratio we concentrate on the spectral region 
from 0.8 to~50 cm. Our confidence in both the ring-model corrections and the accuracy 
of the flux density scale is considerably greater for X > 8 mm. The long-wavelength 
limit is imposed by the unceilainty of extrapolating microwave absorption coefficients 
to the deep atmosphere where pressures exceed 1000 atmospheres; ‘'mission from 
these regions begins to contribute significantly to the brightness temperature for wave- 
lengths beyond ~50 cm. Exclusion of data at wavelengths longer than 50 cm minimizes 
the possible effects of non-therraal (synchrotron) emission from trapped radiation 
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belts. Condon et al. (1974) show that oostulated components of synchrotron emission 
are insignificant for X < 21 cm. 

The measurements of Saturn's microwave spectrum for wavelengths >8 mm are 

plotted in Figure 3. Theoretical spectra for our Nominal model with selected values 

of [NHq] are represented by the four curves. It is evident that mixing ratios between 
•*4 -4 

3 X 10 and 10 x 10 yield acceptable fits to the data. A formal analysis with 

.4 

weighted Chi-square tests gave an optimum abundance of [NH^] x 10 . For this 
analysis we included all data in the rai^e 0. 8 < X s 21 cm, each weighted by the square 
of the reciprocal of the relative error. 

A constant multiplier, which was an additional free parameter in the analysis, 
allows for a uniform uncertainty in the absolute flux density scale. The minimum 
Chi-square solution was found with this constant equal to 0.96, which is consistent 
with this imcertainty. However, factors less than unity can also be explained (1) if we 
have imderestimated the thermal emission from the ring's; (2) if die ring opacity is less 
tiian 0. 7; or (3) by atmospheric model assumptions that are invalid. One plausible 
example of the latter is the increase in disk temperature that occurs if the NH^ is not 
completely saturated in the cloud regions. For example, the relative NH^ humidity 
mi^t differ from one area to the next on the disk (e. g. , belts and zones). 

The relative insensitivity of the computed spectra to nominal changes in T^ 
and the He abundance is demonstrated in Figures 4 and 5. The small chaises in slope 
of the computed spectra that occur at the longer wavelengths can be compensated in 
the model by incrementing the value of [NH^] an insignificant amount. 


Model with H 2 O Cloud 

Notii^ that atmospheric models predict the formation of a water cloud near the 
270 K temperature region, one might a k if there is any evidence of such a do.... '' > 
Saturn's microwave spectrum. To investigate this possibility, we added a varij ie 
opacity term to our model near the 270 K level and recalculated the microwave spec- 
trum for the Nominal pressure-temperature model. The ammonia mixing ratio was 
-4 

reduced to 1. 5 x 10 to bring it into agreement with the solar N abundance. The 

-2 

microwave opacity in the "cloud" region was assumed to be r - = t v , where t = 1 

at 1 GHz and v is the frequency in GHz. Our choice of opacity is based on the micro- 

-3 

wave absorption of small (<1 mm) water droplets and a clo’td density of -35 g m 
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•V A VE LENGTH, or. 

Figurr3- Tht microfiat* spatrum of Salurn'i atmoiphtTK temp€ra:mn m tht uaitungtt> tntmalO.S to lOOcm. TlxfUUd 
arclts repment single anteKnei data which base been adjusted slightly to remote the influtnce of the rings. The eight triangles 
represent the interferometric measurements which Jo not require ring corrections. The four curies represent the computed spectra 
fur oar Komtnal SXoJel with four lalucs of the SH, mixing ratio. 



WAVELENGTH, cm 

Figure 4. The effect of varying Tf, the effectite temperature .ir the cot. uted nttemwate itnitritm. 
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»• A'. ^ VI NiC'^ ■ ' . 0“- 

5 . Tf<r{fta1 at liirytmt tK hriimm .thtntmao-t si* iKjtytijzt tfnTKt /ir fuiT ttdtio 

*j NH, mvuMf rjint U) Fsx*n »<■ 

(from Weidenschilling and Lc’\'is, 197?>. In Figure 6 wc stiow tl c calculated optical 

depth oi this type of cloud as a hmction of frefjuency. 

The result of the cloud model computatiau is shown in Figure 7. The solid 

curve is the spectrum of the model uitb no cloud (t = 0> and the dashed curve shows 

o 

the effect 01 addii^ a cloud with ~ 1. The trend is correct, l.e. , the slope of the 

spectrum between ^6 and 21 cm is flattened just as the data tend to be; but the model 

curve misses the dense cluster of points near \ = 21 cm. Increasing the cloud opacity 

does not solve the discrepancj'. The 21 cm fenipcrature is only reduced an additional 

2K when r is doubled, 
o 

This very simple cloud approximation shows promise e%'en though our first 
attempt failed to provide a good fit to the data. There is a need for further investiga- 
tion of the vertical e:vtent the cloud model. Weidenschilling and Lewis (1973j 
suggest that cloud ccmdensatiou might occur at altitudes above the saturation level, 
and that cloud particles might be swept up to hij^er altitudes by convection. These 
conditions would shift the peak of Uie doud opaci^ to hi^ier altitudes and lower 
temperatures. a preliminary test, we computed the spectrum for - 1 at the 
250 K level and found that the 21 cm disk temperature was suppressed 10 K, bringfog 
It into qualitative agreement with the observations. 
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FigMTt6. Ofaaf} at a ftmanm ef frr^atmr} am fu teJ 
/•r j cl«mj of Hater dnfUts uish Jtntity <5 itV- 
5«i'A a cl^aj hax keen fettalateJ fw datura Fy Vadn- 
uM/itg and Leu tt < 79’ < ). 



Figure The rnwrematr iftitmm af Salmrw'i atmvtpfien (vrfjrt.i pith the jumimaJ madri. C.anv 
frir a udar taint <•/ SH, fixing rjttnarr mth and uuhaat ilixaJ tAnuy atanhi K Inel of 
the aiHtaifhttt. 
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THE MILLIMETER SPECTRUM OF THE RINGS 


The atmospheric mcdsls that fit the spectrum at centimeter wavelengths can be 
used to investigate ttie thermal spectrum of the rings at millimeter wavelengths. The 
atmospheric bri^tness temperatures, which are controlled by the ammonia opacity, 
are only weakly dependent on the exact choice oS the NH^ mixh:^ ratio because the 
peak opacity at short radio wavelengths occui s near the cloud forming region where 
the anuncmia is saturated. If we assume that the millimeter spectrum of the atmo- 
sphere is adequately determined by the models that fit the longer wavelength data, 
aity excess emission at millimeter wavelengths can be attributed to ihermal emission 
from the rings. 

The sbort-wavelength data between 0.1 and 0.8 cm are shown with theoretical 
spectra in Figure 8. The solid curves represent tbe spectra for the two values of 

_4 

ammonia mixing ratio considered above, i.e. , [NH^] = 1.5 and 5 x 10 . The data 
have bera corrected for ring obscuration and scattering effects, but the thermal c<m- 
ponent, T^, is set to zero. The intent here is to demonstrate th.at these partially 
corrected temperatures are systematically hi^ier than the model curves, which 
implies that toe rii^s do emit thermally at millimeter wavelengths. 

The dashed curves in Figure 8 demonstrate the magnitude of the increase in the 
computed microwave spectrum that occurs if the rings emit thermally. Because the 
thermal ilux density received from toe rings at a given frequency will vary with toe 
solid angle toe ring surface, we show the computed spectra for twe values of ring 
inclinati(«. Tbe ring brightivess temperature spectrum shown in Figure 9 is assumed 
for these computations. 

We obtain a rij^g brightness temperature spectrum by attributing the excess 
flux (measured minus predicted with = 0) to thermal emission from the rings. 
The resulting spectrum is s^hown in Figure 9. Intrinsic thermal emissiem from the 
rings is indicated. The averr.ge of the excess temperaures between 1 mm arid 2 nun, 
weighted by their absolute errors, gives T^ - 25 K. This result is consistent write 
the ring brightening from T^ • 7 K at 8.6 mm (Janssen and Olsen, 197S). An increase 
of thermal ring emissitm at millimeter wavelei^ths is not surprising since the bright^ 
ness must approach '^95 K, tbe obsetwed temperature at 10 pm. Furthermore, ice is 
a likely candidate for the ring particle composition, and its absorption coefficient 
increases markedly in the millimeter wavelengto region. 
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F:(un SaSant's 0. 1-O.S .m SptxtntK with nai-mnJe/ inrrn:t:ov Tfv nua^arrJ Juk lm[<(rj;uny hatr httK jJpisleJ 
to aumtnl fvr she pmutcc of tht rm^i utth tht assaieption that that t> at thtnujl mtfuat fnm tht rtagt. Tht tvv snltj amn 
rtprtxnt tht >hert uattlt-nph sf>titra for tht ranff of jtmoifihert. ki J ti> l)>at fit tht O.X-!Oi> itk ni.rouatt sfieitrkm. Tht 
UaJeaty for tht datu to fat! systtviaticjlr, ahoit tht mojt! ypcttrj thjt themu/ mi»i-a frioK tht rtag^t it puteat. Th: 

two (Luhtl anti thou the immst in the ^ontputeJ 'prttra for tuo tj'uf ../ B jkJ t\ rtKt: ipettnim thouK m Figure 9 
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THE MICROWAVE SPECTRUM OF SATURN'S ATMOSPHERE 


The microwave spectrum of the thermal emission from Saturn's atmosphere is 
shown in Figure 10. The effects of the rings have been removed from the data as dis- 
cussed above. The nominal ring model was used with the ring brightness-temperature 

spectrum shewn in Figure 9. Two model spectra a*'e shown; the solid curve repre- 

-4 

sents the computed spectrum witii (NHgl = 5 x 10 , \diereas the broken curve repre- 

sents the spectrum for the model with a lower NH^ abundance and tte additicmal source 
of opacity near the 270 K level (i.e. , an H 2 O cloud). 

There is good agreement between the model spectra aixl the ring-corrected data 
over the entire band, which spans three decades in wavelex^^. This agreement pro- 
vides a strong argument that ammonia is present in Saturn's atmosphere, since NH^ is 

O 

the primary source oi microwave opacity in the models. The shape the spectnun in 
the wavelength interval centered on the 1.25 cm inversitm band of NH_ and tte 130-135 K 

O 

disk temperatures that are observed near the band c^ter are in excellent agreement 



WAVEUNGtH, cm 

Figurr 10. Saturn's mimuatr spectrum u tth data carrtctu! J-sr ring effects. Computed spectra nrr shoun for the Somtaj/ 
Model (Te = 89 Kifor tun values of ammonia mixing ratio, one utth a cloud opacity near T = 270 K ( dashed cunt ) . and 
one uithout an additional source of opacity (solid cunt). 
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witb the models. Without the NH^ cecity-, these models yield disk temperatures in 
excess of 200 K at these wavelengths. 

In the 10-21 cm region there is some evidence that the observed spectrum is 
sli^tly flatter than the model spectra. The agreemoit is good for both models shown, 
when one considers the statistical scatter in the data over the entire spectrum. Never- 
theless, some improvement may be possible if more sophisticated cloud models are 
investigated and applied. 

The model spectra at the loi^st wavelengths (>30 cm) are probably the most 
uncertain. Our assiunptions regarding the absorption coefficient of the atmosphere at 
great depths, where temperatures and pressures exceed 1000 K and 1000 atmos^dieres, 
surely become invalid. Additional sources of opacity, e.g. , from pressure induced 
.onizatioa, may become important. A compoient of nonttermal emission freun a 
Saturnian radiation belt is also plausible at these long wavelei^ths. Nevertheless, it 
is encouraging that the three measured temperatures are completely consistent with 
the relatively simple models that we have presented here. 


ATMOSPHERIC TRANSAfiSSION LOSSES FROM A PROBE 

With the mcdelc of Satum^s atmosphere in hand, one can readily compute the 
atmospheric attenuation that must be considered in the design cf a probe communica- 
tion system. We have performed the calculaticwns for rxir nominal model atmosphere 

-4 

with a nominal ammonia mixing ratio of [NII^] = 3 x 10 . Cloud opacities were not 

included. The single-path absorption for three plausible probe frequencies are 
plotted as functions of pressure in Figure 11. The attenuation refers to the accumu- 
lated signal loss from a probe transmitting from a given pressure lewl in the atmo- 
sphere, e.g., a 2 Gilz signal from the 10 atmosphere pressure level would be attenu- 
ated 4 db when transmitted vertically through the atmosphere. 

A different representation of the results is shown in Figure 12, w4iere we 
plot the vertical path absorption vs frequency for prdbe penetrations to pressure 
levels of 10, 30 and 100 atmospheres. We also show a computed attenuation curve 
(dashed line) for a probe in Jupiter's atmosphere. Note that the vertical attenuation 
to a given pressure level in the Jovian atmosphere is considerably less than the 
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Fig^ II- Vtrtiiol (siagU path) transauunn last in 
Saturn's atmotpben for ptanstbU prote nmamnkatian 
frtqutncm. Tbt nominal atmaspheru model with {NHy} 
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Figure 12. Vertical transmission loss from a probe at 
three pressure levels in Saturn's atmosphere. Computed loss 
vs. frequency is based on the nominal model atmosphere 
with ammonia mixing ratio — 5 x I0~*. Dashed curve 
shows a similar attenuatton vs. frequency curve for the 30 
atmosphere level tn Jupiter's atmosphere, where the predicted 
signal loss is not as great as in Saturn's atmosphere. 
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corresponding loss in Saturn's atmosphere. From the figure, we note that the "dB-loss" 
in Saturn’s atmosphere is approximately three times greater. At 600 MHz, the vertical 
loss to 30 atmosphere pressure is 3 dB greater in Saturn's atmosphere. In general, 
the relation can be expressed as 

Saturn Jupiter- »> 
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DISCUSSION 

J. WARWICK; Mike, do you see any evidence for possible synchrotron emission 
in this spectrum ? 

M. KLEIN: There's no compelling evidence. What we see is that even at wave- 
lengths near 90 cm there doesn't seem to be any excess in the brightness temperature. 
But there could be some contribution due to synchrotron emission because as we get down 
to 90 cm the thermal models are rather uncertain. The ammonia absorption coefficient 
is not well known at several thousand degrees temperature and thousands of atmospheres 
of pressure. However, all I can say is that we see no compelling reason to assmne that 
we need synchrotron radiation to explain the spectrum. 

D. CRUIKSHANK; In the models and the observations of the Jupiter microwave 
spectrum, the ammonia Uae at 1.25 cm is fairly pronoimced. Is there some simple- 
minded reason why that doesn’t show up very strongly either in the observations or the 
models of Saturn? 

M. KLEIN; For Saturn we have a higher-pressure model than we had for Jupiter 
because the lapse rate is different. Then since we are looking at a higher pressure, the 
line is spread out by collisional broadening. 
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ABSTRACT 

The photometric and bulk parameters of the known and suspected 
satellites of Saturn are presented in updated tables and are compared. The 
surface compositions of all the satellites are discussed in terms of modern 
photometry and spectroscopy; most if not all of the inner bodies have 
water fn>st surfaces, but the outer three satellites have surfaces of 
unknown composition. The few reliable mass values of some inner 
satellites, together with the best current values fur the satellite radii, 
suggest mean densities representative of bulk compositions dominated by 
frozen volatiles, though Titan may have a substantial volume fraction of 
silicates. The special case of lapetus is considered in the light of new 
studies of its two distinct faces and polar cap. 


INTRODUCTION 


In spite of a superficial resemblance, the satellite system of Saturn is quite 
distinct from that of Jupiter, and is, in fact, unique in the Solar System. This 
review includes a cursory discussion of the dynamics of the satellite system, but 
concentrates on the current stage of understanding of the compositions, masses, 
bulk densities, and interior structures of the known and suspected objects orbiting 
Saturn outside the confines of the rings. The atmospheric composition and structure 
of Titan is left for other papers l.i this collection, though the photometric and bulk 
properties of this largest of the satellites are included in the scope of this review. 
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SATURN'S FAMILY OF SATELLITES 


The search for and discovery of satellites of Saturn has occupied astronomers 
for over three centuries, and the result of these endeavors is a retinue of at least ten, 
and probably more, objects orbiting the planet outside the confines of the ring system. 
The search continues to this date and is currently concentrated on the region between 
Mimas and the outer extremity of the rings. 

The population of satellites of Saturn includes (1) the small bodies of unknown 
number that appear to exist just outside the rings, (2) six satellites, of which Titan 
is by far the largest, lying in circular orbits in the plane of the rings, (3) two 
irregular satellites, including Hyperion in an eccentric orbit at very nearly the 4:3 
commensurability with Titan, and lapetus with an inclined but nearly circular orbit, 
and (4) Pho be in a highly inclined retrograde orbit. In this paper we consider the 
physical properties of all these bodies. 

Before examining the details of the Saturn satellites, we must first consider 
the evidence for the existence of the most recently discovered members of the family, 
those orbiting just exterior to the rings. From photographic observations made at the 
time of the 1966 passage of the earth through the ring plane, Oollfus (1967 a, b) 
announced the discovery of a probable satellite (Janus, S 10) near the extremity of the 
ring system, and the presence of a new object was confirmed by Texereau (1967) and 
Walker (1967), Fountain and Larson (1978) have studied some of the original photo- 
graphs by Dollfus, Texereau, and Walker, plus data acquired at the Lunar and 
Planetary Laboratory at the time of ring-plane passage (Figure 1), and have shown 
evidence for a small object in addition to Janus, though no name has so far been 
proposed for it. Aksnes and Franklin (1978) analyzed the available photographs 
independently and concluded that the orbital characteristics of Janus should still be 
regarded as questionable, as should those of the Fountain/Larson object because 
unique orbits cannot be computed from the sparse observations available. While 
Fountain and Larson (1978) suggest even another object in addition to Janus and S 11, 
Aksnes and Franklin find the evidence uncompelling. The latter authors conclude 
that whatever the exact identities and orbits of the objects might be, ". . . the efforts 
of Dollfus, Fountain and Larson have seemingly established the important fact that 
the region just outside ring A may well contain several bodies in nearby orbits - a 
sort of highly attenuated, large-particle 'ring' near the Roche limit. " 
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Table 1. OrUtal Data for the Satellites of Saturn 


Orbital Radius 


Satellite 

(10^ km) 

(Han^ary 

RadU) 

Period 

(Days) 

V. * 

Eccentricity 

k)clination( 

11 No name 

151.3 

2.93 

0.^9378* 

0 

0 

10 Jamis 

159 5 

2.65 

0.74896 

0 

0 

1 SOmas 

186. 

3.09 

0.942 

0.0201 

1. a 

2 Enceladus 

238. 

3.97 

1.370 

0.0044 

0.0 

3 T^ys 

295. 

4.91 

1.888 

0.0000 

1.1 

4 Diene 

377. 

6.29 

2.737 

0.0022 

0.0 

5 IQiea 

527. 

8, 78 

4.518 

0.0010 

0.4 

6 Titan 

1222. 

20.4 

15.95 

0.0289 

0.3 

7 liyperioa 

1481. 

24.7 

21.28 

0.1042 

0.4 

8 lapetus 

3560. 

59.3 

79.33 

0.0283 

14.7^ 

9 Phoebe 

12930. 

216. 

550.4 

0.1633 

150. 


Invariable . 

Eastern eiongatioa 1966 Oct 29?596 £T 

Data from Morrison and Cruikslmidc (1974) exce^ those for S 11, which come from 
Fountain and Larson (1978). 


THE DYNAMICS OF THE SATELLITE SYSTEM 

Recei^ studies of the dynamics of the system of Saturn's satellites have 
explored old and new ideas in great detail and need not be repeated here. The review 
by Greenberg (1977) clarified the que-.. Jon of orbital resonances in the Saturn system 
as they pertain to orbital evolution, while the review by Kovalevsky and Sagnier (1977) 
considered details of the orUtal motion of these and the other natural satelliUs. 

Bums (1977) considered the effects of tides and of accretion drag in the evolution of 
satellite orbits, while Peale (1977, 1978) has recently addressed th? nature and evo- 
lution of the Titan-Hyperion commensurabiiity. 

The 1:2 resona ice in the Mimas:Tethys orUtal periods and tne 1:2 resonance 
in the Enceladus:Dione pair have permitted mass determinations of ibose four bodies. 
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Table 2. Light Curx'e Data for Saturn's Satellites 


Satellite 

Sources 4^ 
do 

Light Curve 
Amplitude 
AV 

9 . 
nun 

®max 

Remarks 

11 (No name) 

1 

- 

- 

- 

No 

information 

10 Janus 

1.2.3 - 

- 

- 

- 

No 

information 

1 Mimas 

4.5 

- 

- 

- 

No 

information 

2 Enceladus 

6 -0.08 (?) 

0.4 

-90° (?) 

-270' (?) 

More data 
needed 

3 Tethys 

6. 7, 8, 9. -0.02 
10 

-0. 15 

-270° 

-S0° 

ConArmatioc 

neeiled 

4 IXone 

6. 7.8.9, -0.01 
10 

-0.4 

-290 r30° 

-120 ±30 

Not well 
determined 

3 Rhea 

7.8,9,10 0.05 
11,16 

0.2 

270 ±o 

90° x50° 

Well 

established 

6 Titan 

9 -0.005 

<0.02 

- 

- 


7 lapetus 

9,10, -0.05*“ 

12,13 -0.03 

1.9* 

90° 

270° 

WeU 

established 

8 Hyperion 

14,15 - 

0.05-0.10 

30°, 210° 

120°, 300° 

Needs 

confirmation 

9 Phoebe 
Source Code 

14, 15 - 

-0.3 

270% 0° 

90°, 180° 

More data 
required 


mUis (1973) 

Morrison et aL (1975) 
Andersson (1978) 

Andersson, Deg^ij and Zellner 
(1978) 

Franklin and Cook (1974) 

7. McCord r-t aL (1971) 

8. Blair and Owen (1974) 

9. Noland et al, (1974) 

10. Harris (1961) 

11. Blanco and Tatalano (1971) 


1. 

Fountain and Larson (1978) 

12. 

2. 

Dollfus (1967) 

13. 

3. 

Aksnes and Franklin (1978) 

14. 

4. 

Franz (1975) 

15. 

5. 

6. 

Koutchmy and Lamy (1974) 
Franz and Millis (1975) 

16. 


^Depending on polar axis tilt at epoch of observation. 

**Larger value corresponds to dark face (9= 90'") and smaller value corresponds 
to bright face (9 = 270“). 
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though the precision is low. Titan dominates the pair Titan: Hyperion so that only the 
effect of the lan^t satellite on the smallest can be observed, resulting in a mass 
value for Titan alone. 

The mocioo of bpetos is affected about equally by the sun and Saturn, and is 
also infh'.mced fay massive Titan. The retrograde orbit of Phoebe is slightly per- 
turbed by the sun and departs slightly from an ellipse. 

PHOTOMETRY OF THE SATURN SAFELLirES 

The goals of photometric studies of a planetary satellite are (1) to search for 
clues to the surfsuse composition and the microstiucture of Uie body, (2> to deter- 
mine the rotation period from the periodicities in tbs light curve induced by sooal 
brightness (albedo) inbomegeneities, (S) to drair inferences on the distribution of 
albedo features tfaat may be related to the satellite's rotational history or tlat can 
lead to a rudimentary map of the surface, and (4) to determine either the bod)’'s 
radius or surface ceomeCric aUiedo vrhen the other parameter is known. 

The first goal is most satisfactorily met by spectrophotometry or spectro- 
scopy, and the results of this work for the Saturn satellites will be discussed below, 
in this section we consider the resuks of photometric studies of the rotation of 
satellites and the changes in global brightness related to changing solar phase angle. 

Photometric studies of those satellites that lie at sufficient angular separation 
from Saturn to permit precise measurements from giound-faased telescopes have 
shown orbital phase angle variations in the brightness (V-mag) ranging from less than 
2 percent (Titan) to a factor of more than five (tepetus) with a sinusoidal or near 
sinusoidal pattern having the same period as the orbital period (with the possible 
exception of Hypeiioo noted below). These observations have been reviewed by 
Morrison and Cruikshaidc (1974) and Veverka (1977) in the context of similar measure- 
ments of satellites of other planets, and the patterns are similar for the four Galilean 
satellites of Jupiter, though the amplitude of the variation in V of fapetus is uniquely 
Ugh. 

The measurement of orbital phase angle {$) variaUoos in the brightness of 
satellites must necessarily be made over a period of many days, during which time 
the solar phase angle (or) varies. For dailc obiects, or dark portiOQS of spotted 
satellites, the solar phase coefficient is different from that of bright surfaces or parts 
of surfaces. The solar phase curve at the V wavelength (0. 56 pm) has a linear por- 
tion at a > 5*, of about dV/da = 0.02 mag deg~^ for both dark and bright surfaces. 
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but for a < 5*. d\'/da is somewhat larger for danc su'-faces and nearly unchanged for 
bri^ surfaces. This is, of course, a qualitative description of the opposition 
effect, or brightness surge seen on airless bodies having irregular surface micro 
and macrostructures when viewed at small phase angles. The opposition effect is 
dependent on albedo, and to some degree, on color oi the satellite, asteroid, aod 
planetary* surfaces. Ve\'erlta's <1977) discussion of this property of satellite surfaces 
observed from the Earth is especially lucid and relevant in the present context. 

With a sufficient quantity of observations the effects of ebangiog a and 9 can be 
separated, tbou^ for the outer plauets where the observable range of a is small, the 
distinction of the two effects is more difficult. Saturn's satellites are observable 
over a rapge of about 6* , so that tbe establishment of the exact magnitude of the 
opposition surge on top of tbe normal linear phase coefficient rMpiires a large number 
of hi^-quality data. As noted below, tbe only Saturn satellites for which the solar 
phase functions are adeqiuately known are Titan, Rhea and tapetus. 

The question of tbe informatioD content of the solar phase functiou has recently 
been reviewed by Veverka <1977). Borrowing freely from Veverka's study, we note 
that the phase function depends on <1) the effective scattering phase function and 
albedo for the single particles comprising the surface, (2) the shadowing function of 
a surface element determined by small-scale te.vture, and (3) the large-scale shadow- 
ing fuccticii resulting irom surface topography, such as craters and mountains. 

While unique surface properties ennnot be derived directly from the observed phase 
fonction, satellites with the roughest surface structures on both micro and macro 
scale would be expected to have the largest phase coefficients, and fur those surfaces 
in which multiple scattering is significant <such as frosts) the phase coefficient is 
less than for a surface in vhich single scattering dominates. The nonlinear opposi- 
tion effect is most pronounced in low -albedo pulverized surfaces where shadowing 
and single scattering are dominant. Bright po»*ders also show an opposition effect, 
but it is less than in dark powders, and is most pronounced at e.vtremely small phase 
angles. Various analytical models of the of^sition effect and phase functions of 
pulverized materials are reviewed in some detail by Veverka <1977). 

Adequate determinations of the orbital phase angle variations or rotation 
curves, in various colors, have been obtained for Tethys, Dione, Rhea, and lapetus 
(e.g. , Noland et al., 1974); r>bservations of the innermost satellites are especially 
difficult because of the proximity to the bright rings and planet, while the faint outer 
satellites can be measured only with very large telescopes. Figure 2 <from Noland 
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et aL 1974) shows the ^ ^70 A) curves for two satellites after removal of the solar 
phase function: the ordinates are plotted in stellar magnitudes, where 

Brightness^ 

0-^ «"i - ' I“e • 

All those satellites for which the orUtal phase curve has been satisfactorily 
observed show a rotation period synchronous with the period of revolution around the 
planet, as is expected from rotational dynamics. Hyperion may be an exception 
inasmuch as the scanty data available suggest a double maximum and minimnjn in one 
revokition around Saturn, but this can also be explained as a shape factor ^steroids 
commonly show double maxima and minima in (me rotati<m). This cannot he regarded 
as a firm conclusion because of the very few data available (Andersson 1974, Degewij 
et aLf 1978). The rotation of Phoebe may not be synchronous with the revolution 
period , but there are no data relevant to this problem. The 550. 4-day period of 



Hiftifr 2 Qrt’iijJ fhotamtirx of Rhta ami Dum in the y hami Tfx soltJ 

can’t fta Rhea « gn<ai k) y = 9-72 — 0.10 tm 0, ami far Dnm 4 = 10.44 ~ 
0.09 itw 0. The Jtfradtme ^ the magmtmit im solar plnse aagle ua> remuej by asiHg 
phase cmfpiients of 0.025 ami 0.009 mag Jtg rcsptctnely. From MorrssoH and 
Craikshank ( 1974). adapted from obi en attorn by Noland CT al. ( 1974 s. 
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Phoebe makes an observational study of the rotation quite difficult unless the rotation 
period of the satellite is on the order of several hours, as is expected if it is not 
sjnchronously locked to the motion around Saturn. The innermost satellites ^11, 
Janus) can be observed only under very rare conditions, as noted earlier, and Mimas 
and Enceladus can normally be observed only at elongations, so the observational 
conformation of the virtually certain synchronous t station will be difficult to achieve. 

The nonuniformities in the brightness and color of a satellite that yield the 
lig^tcuiA'e often show a symmetry with respect to the leading and trailing hemispheres 
of a sjmchronously roCsting body. "Leadiog" is used in the sense of the hemisphere in 
the direction of the satellite's orbital motion around the planet; the leading hemisphere 
is that viewed from Earth at eastern elongation ($= 90“) of the satellite with respect 
to its primary. The leading-trailing asymmetry is clearly seen in photometry of the 
Galilean satellites of Jupiter and of lapetus, as well as several other satellites of 
Saturn. In Table 2 are given Ugfatcurve data for the Saturn satellites as well as the 
best available vabies for dV/da. hi the Table, 0 corresponds to the orbital phase 
angle where the satellite is faintest, and 0 to maximum brightness. For many of 
the satellites ttese parameters are not well known because of a paucity of data. 

A significant point is that some satellites have darker trailing hemispheres 
and others have darker leading hemispheres. lapetus is the prime example of the 
latter, as noted below, and Enceladus may share this property, though to a much 
lesser degree. Tethys, Dione, and Rhea appear to have darker trailing hemispheres, 
though corroborating data are needed. The leading-trailing asymmetries have led to 
interesting speculation on their causes, but there are still no adequate explanations, 
especially for the great contrast in the two hemispheres of lapetus. The Galilean 
satellites of Jupiter also exhitnt significant rotational curves, but the alignment with 
the leading and trailing hemispheres is most distinct for Europa. 

The rotation curve of Titan, as noted above, shows an extremely small ampli- 
tude at the v.avelengths at which it has been observed, presumably owing to the 
satellite's cloudy, or at least deep, atmosphere. It is possible that the methane 
atmosphere of Titan exhitats zonal inhomogeneitieS, as does the atmosphere of Neptune 
(Cruikshank 1978), and that the rotational curve can be determined from observations 
with filters centered in strong methane absorption bands in the near infrared. The 
required studies should be performed in order to ascertain if the inhomogeneities 
exist, if they change on an observable time scale, and to determine if the atmosphere 
rotates with the same period as the (presumably) synchronously rotating solid 
satellite. 
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SURFACE COMPOSITIONS OF THE SATELLITES OF SATURN 


Multi-color ][diotometiy (see Table 3) of the satellites of Saturn, has yielded 
information on their surface compositions. Leaving aside variations in Ihe colors as a 
function of a and (9, broad- and narrow-band [diotometry in the spectral regions where 
compositional information occurs as a result of absorption in the constituents of the 
surfaces, has, in the past few years, led us . a fairly satisfactory understanding of 
the surfoce compositions of four of the inner satellites plus the bright hemisphere 
of lapetus. UBV and other visible r^on photometry (Harris 1961, McCord et al., 

1971, Noland et al, 1974), though carehiUy done, gave only clues to the composition 
of the inner satellites (Tethys, Dione, lUiea, and iapetus) because the relevant com- 
positional information lies further into the infrared. Broadband UBV photometry of 
the more difficult satellites, Hyperion and Phoebe, has also been accomplished 
(Andersson 1974, Oegewij et d., 1977) with significant results, but the infrared work 
on these bodies is in its infancy, chiefly as a result of their faintness. 

Narrow-band photometry of four satellites obtained by McCord et d. (1971) is 
shown in Figure 3, where the data are presented normalized to intensity equal 1. 0 at 
wavelength 0. 56 jum; this normalization was necessary at the time the data were 
acquired because the diameters and geometric albedos of the satellites were not known. 
While some variations are seen from satellite to satellite, and there may even be 
broad absorption features, notably at about 0. 57 pm or longer wavelet^hs for some 
objects, the spectra are largely uninterpretable. They do show, liowever, that the 
sharp brightness decrease in the violet seen on many other solar system bodies 
(e. g. , Mars, Mercury, the Moon, the Jovian satellites, and the rings of Saturn) is 
largely absent on the satellites for which data were obtained. This is significant 
because the rings of Saturn, now known to be similar in composition to Tethys, Dione, 
and Rhea, do show the steep violet absorption, and questions arise as to the differ- 
ences among these surfaces. 

In Figure 4 are shown photometric results in tlie near infrared where solid 
surfaces of ices and mineral assemblages show stronger and more diagnostic absorp- 
tions than in the visible region of the spectrum. The simplest interpretation of 
Figure 4 comes from the comparison of the Saium satellites with the Jovian satellites, 
two of which (Europa and Ganymede) are known to have partial covers of water ice 
(cf. Morrison and Cruikshank 1974 and Morrison and Burns 1977). The photometry of 
the Saturn satellites closely mimics that of Ganymede, from which it was concluded 
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Table 3. Colors of the Satellites of Jupiter and Saturn 



Satellite 

V 

o 

U-B 

B-V 

J 

J-H 

J-K 

J-L 

Ji 

lo 

5.0 

1.3 

1.15 

3. 7 ±0. 1 

0.35 ±0.01 

0.43 ±0.02 

0.43 ±0.03 

J2 

Europa (L) 

5.3 

0.5 

0.89 

4.1 ±0. 1 

-0.31 ±0.02 

-0.66 ±0.03 

-2. 90 ±0. 04 

J2 

Europa (T) 




± 

-0.37 ±0.02 

-0. 91 ±0. 04 

-3.25 ±0.05 

J3 

Gunymede (L) 

4.6 

0.63 

0.81 

3.6 ±0. 1 

-0. 10 ±0. 03 

-0. 18 ±0. 04 

-2. 08 ±0. 14 

J3 

Ganymede (T) 





-0.07 ±0.02 

-0. 14 ±0. 03 

-1. 58 ±0.04 

J4 

CalUsto 

5.6 

0,55 

0.88 

4.4 ±0. 1 

0.27 ±0.01 

0. 34 ±0. 02 

-0.67 

SI 

Mimas 

12.9 

- 

0.65 ±0.1 

- 

- 

- 

- 

82 

Enceladus 

11.8 

- 

0.62 

10.6 ±0.1 

-0. 16 ±0.05 

-0. 33 ±0. 07 

>-0.66 

S3 

Tethys 

10.3 

0.34 - 0.32 

0.74 

9.3 ±0. 1 

-0.20 ±0.05 

-0. .36 ±0. 07 

>-0.46 

S4 

Dione 

10.4 

0.27 - 0.30 

0.71 - 0.82 

9.6 tO.2 

-0.20 ±0.05 

-0. 32 ±0. 07 

>-0.42 

S5 

Rhea 

9.7 

0.35 

0.76 

8.6 ±0.1 

-0.05 ±0.05 

-0.29 ±0.07 

-1. 89 ±0. 18 

S(, 

Titan 

8 4 

0.75 

1.30 

- 

- 

- 

- 

S7 

Hyperion 

14.2 

0.33 

0.78 

13.0 ±0. 1 

0.15 ±0.05 

-0.03 ±0.07 

> 0.55 

S8 

lapetus <L) 

10.2 

0.38 i0.03 

0.78 t0.02 

10. 3 ±0. 1 

0. 20 ±0. 03 

0.28 ±0.04 

-0.82 ±0.25 

S8 

lapetus Cf) 

11.9 

0.29 to. 03 

0.69 ±0.01 

9.4 ±0. 1 

-0. 11 ±0.02 

-0.24 to. 03 

>-1.35 

S9 

Phoebe 

16.5 

0.30 

0.63 

- 

- 

- 

- 

SIO 

Janus 

14 

- 

- 

- 

- 

- 

- 


Figure J. SfiectrephotauKtrif data fur taural Saturn tatel- 
litet, uanualized ra 0.36 micnmt. From MtCord et al. 
(1971). 
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(Morrison etal, 1976), thatTethys, Dione, Rhea, and the bright hemisphere of 
lapetus have at least partial coverings of water frost at a low temperature presumably 
in equilibrium with the solar insolation. 

This conclusion was reached nearly simultaneously (but published first) by 
Fink et al. (1976), who obtained the remarkable first infrared spectra of the same 
satellites. Their spectra, together with a stellar comparison, are shown in Figure 5, 
and in Figure 6 are shown the ratios of the satellite spectra to the comparison. Those 
deep absorptions at 1.6 and 2.0 pm in the spectra of lapetus, Rhea, Dione, and 
Tethys are clearly a result of water ice absorption, as shown by the laboratory 
comparison and the accompanying spectrum of Saturn’s rings. 

Thus, the presence of water ice is clearly established on the surfaces of Rhea, 
Dione, Tethys, and the bright hemisphere of lapetus. The fact that Rhea, Dione, and 
Tethys show relatively small variations of brightness with 0 (Figure 2) suggests that 
the areal distribution of water frost or ice is more or less uniform. 

Although fully satisfactory infrared spectra have not yet been obtained for the 
other -satellites or the dark hemisphere of lapetus, JHK photometry of Enceladus, 
Hyperion, and darker lapetus has given some Interesting results. The spectrum of 
lapetus (Morrison et aLj 1976) is similar to that of Callisto. The reflectivity of 
Enceladus is shown in Figure 7 in comparison with data for ice-covered Rhea, plus 
four other satellites (Cruikshank et ai, 1977). The similarity of Enceladus to Rhea 
has led Cruikshank et al., to conclude that this small satellite is similarly water-frost 
covered, a result corroborated by a new spectrum (1. 9-2.6 pm) of Enceladus 
obtained by Cruikshank (1979) in 1973. 

The reflectance of Hyperion appears to be quite another problem. As shown 
in Figure 7 it resembles not Enceladus and Rhea, but two satellites of Uranus and 
Neptune's Triton. As pointed out by Cruikshank et al. (1977), the reflectance charac- 
terized by Hyperion and the others does not appear to represent volatiles, and these 
objects constitute a class different from the groups into which most of the other 
satellites of the solar system fall. The reflectance class, of which Hyperion is a 
member, is shown in relation to the other recognized classes in Figure 8 (from 
Cruikshank et al. 1977), and the membership and probable natures of these classes 
are described in Table 4. 

Cruikshank and C. B. Pilcher succeeded in obtaining a low -resolution 
infrared spectrum of Hyperion with the Kitt Peak 4-m telescope in 1976, in the 
region 1.4 - 2.6 pm (see Figure 9), but the reflectance of the satellite, while bearing 
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microns 



figure 3- Near infrared spectra of Saturn's satellites and the rings, shmttng residual absorptions attributed to 

water frost or ice. From Ftnk et a!. 
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Figun 6. Ratio sptctra of the satellites and rings if Saturn showing absorptions attributed to water frost 
or ice. From Fink et al. i 1976). 
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Relolive Reflectonce Relative Reflectonce 



Figure . InJrareJ rtlkiiume ipedra of three saltlltlts 
of Saturn, Triton, litanij, and Oberon. From 
Crutkshank et al. ( 1977 >, 



Figure S. Riflectanees, norr<ial'ztJ at V. of fie 
lategoriei of solar system bodies. The caUgones and iheir 
members are identified in 'I jblt 4- 
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Table *±. Reflectance Classes of Solar System Bodies 


Average Reflectance 
Relative to J ( \ = 1.25 (ira) 


Group 

Members of Group 

Surface Composition 

\ 

^H 



A 

b 

Evaporite salts ? 

0.69 

1.10 

l.f'8 

0.96 

B 

Callisto 

Rock 

0.69 

1.02 

0.99 

0.35 

C 

Hyperion, Titania, 
Oberon, Triton 

? 

0.79 

0.98 

0.77 

<0.25 

D 

Ganymede, Enceladus, 
Tethys, Dione, Rhea, 
lapetus (trailing) 

H2O ice (frost) + 
neutral material 

0.94 

0.75 

0.60 

0.11 

E 

Europa, Rings of 
Saturn 

H2O Ice (frost) 

0.88 

0.58 

0.35 

0.04 

F 

Pluto 

CH4 ice (frost) 

0.92 

0.94 

0.57 

<0.36 

- 

Asteroids 88, 511 

[C-type asteroids) 

- 

1.16 

1.23 

- 

- 

Asteroids, 5, 6, 7, 
116, 433 

[S-type asteroids) 

- 

1.13 

1.09 

— 

- 

Asteroid 64 

[E-type asteroid) 

- 

1.08 

1.09 

- 


a superficial resemblance to water frost, is not immediately identifiable. In particular, 
tiie upturn in reflectance at the extreme long wavelength end of the spectrum, 
if real, is atypical of water frost, and in fact precludes the presence of a substantial 
HgO frost component on the surface. Additional data are needed, not only for 
Hyperion, but for Triton and the other two members of the class of which they are 
members in common. The Hyperion spectrum resembles that of volatiles r. ther 
than asteroids or any known meteorites (Gaffey 1976), but the identification from a 
spectrum f>f such low resolution and insufficient precision is not easy. UBV photom- 
etry of Hyperion (Degewij et al. 1977) shows this satellite to be distinct from the dark 
asteroids, including Trojans. 

The only relevant data on Phoebe’s surface composition are contained in UBV 
photometry obtained by Degewij et al. (1977) (Figure 10). In a UBV color plot Phoebe 
clusters together with Himalia and Eiara (J6 and J7), which are very dark objects 
(Cruikshank 1977). As is seen in the figures, Phoebe and the Jovian satellites form 
a small group quite separate from the Trojans (also very dark; Cruikshank 1977) and 
other asteroids of low albedo, and fall generally within the field in the UBV color plot 
occupied by C-type asteroids. 
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R«tl*ctanc« 



Fig«n 9. Pnlimiiury mfrartd tptitrum oj Hyperton ratiteJ to Theta Leo. The 
Mond panel from the top them the tndtridaal data points utth error bar,, and the 
third panel is a "maxmam interpretation” version oj the same data. RefkcUntr 
ipeetra of water and mtth,tne tees are alto shown. From Cruskshank and Pileher ‘ in 
preparation ). 
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The oomposiiions of Mimas, Janus, and the ps>ssihle Sll are cx>mpltlely 
unknou'n from direct observations, tliough inferences niigitl be made on the basis of 
the known fn^st c'omposition of the rings and the satellites nearb\ these three bodies. 
Mimas and Janus lie in a region of special interest because of the great difference in 
reflectiraee between the rings and satellite^ Tethys, Diot‘.e. and Rhea, specifically 
the \iolet tum-dowa in the ring spectru»n, as noted above. U'bofsky and Fegley 
sugge-'t that the violet absorption in the ring spectrum results from solar 
ulti*:iv»oUi rradirtion or tr.apped particle bombardment o( polysulfide or other 
impurities tfiC ring frost, with the implication that such impurities do not cKreur 
in the frosts of the satellite surfaces, or that the Immbarding particles in the 
viciruiy of Saturn (either past or present) do not extend spaii.ally outward to the 
neighborhood of the satellites. S^jectrophotometric obser\-ations of Mimas and 
J:ipus are thus of s;>ecial tnierest in order to ascertain (1) if they are composed 
of water frost, and (2) if the frost shows radiation damage similar to the rings. 

DIAMETKRS AND AI.BEDuS 

In terms of obseii-ations made from Farth, the diameter ami surface 
geometric aUx*do of a s.itc'llite or asteroid are inextricably related by 

5 log r ^ \ - V -2 , 5 log p^. - 5 log (It • A ), 

where r is the radius of the object, is the V-mag of the Sun (usu.ally taken as 
-26. 77), p^, is the visible geometric albedo, H is »hc distance of tlie satellite from 
the Sun, and A is Us distance from the Farth (i*r obsen er). is reasonabh well 
known for most of the satellites, but the t'ompuiation of r or p^. reejuires knowledge of 
one or the other. 

Wiih the birgest telescvpes in the finest seeing conditions, the disks of the 
satellites of Saturn are occasionally disecrnable. and in 1S;?4 Kuiper published his 
measurements of the diameters of L'necUidus, Dii>ne, Tethys, Rhea, '•'itan, and 
lapetus, made with a visual diskinetcr on the Hale 5-m telescope. tHher measure- 
ments of the diameters of the Saturn satellites fuive been made b> moi-e or less direct 
ineaas. In 11)74, Elliot ct al. (1975) obser\ed the occullalions of several satellites by 
the dark limb of the moon and measured the time riHiuiriKl lor extinction of the light 
from the satellites with a high-speed plxnometer. The lunar oeeultation technique 
gives the highest intrinsic accuracy of the metihids so tar usixl, but the interpretation 



of the results depeods on a model of the brightness distribution across the surbce of 
the occulted object, a model dependent on both the spatial distributioa of dark and 
bright materials (frost and rock, for example) and the limb daikening/brigbtening of 
the disk. The identification of water frost on the surfaces cf several of the satellites 
has aided in establishing the limb brightening coefficients used in modeling the 
brightness distribution (e. g. Veverka et ait 1978). Double-image micrometric 
measurements have also been made with large telescopes (DoUfiis 1970) using rare 
moments of excellent seeing and image definition when the disks of the satellites are 
discemiblfe. hi addition, photometric measurements of the thermal fluxes of six 
satellites have been used to derive ''radiomeiric" diameters. All of these results are 
collected in Table 5 together with similar determinations of the radii of the Galilenn 
satellites and Triton for comparison. 

Be>’ond the measurements of the type described above, none others have been 
successfully applied, though the techniques of speckle interferometry and fringe 
interferometry can in principle be used for further independent determinations. 

Diameters of planetary satellites can be calculated fitim assumed values of 
Py. For example if we allow that the surface of Enceladus is covered with water 
frost, as deduced from the infrared photometry, we can assume that the albedo lies 
in the range of that of other ice-covered satellites, such as Europa, Ganymede, 

Rhea, etc. , or about 0. 40 - 0.65. The radius is then in the range 295 - 375 km. The 
frost-cover assumption may be quite valid for Janus, Sll, and Mimas by analogy with 
the rings and the next several satellites, but it is not valid for Titan, Hyperion, the 
dark side of lapeCus. or Phoebe. 

The photomcCric/radiometric method of radius determination in fact >-ields the 
geometric albedo if certain assumptions are made about the infrared emissivity of 
the surface and the phase integral of the satellite. The radius is then computed from 
and V'^. The sensitivity of the photometric/radiometric method to uncertainties in 
the values of various parameters has been discussed by Morrison (1977). Assembled 
in Table 6 are the "accepted" radii and corresponding values of p^, for several of the 
Saturn satellites. For the remaining satellites, the radii are calculated from assumed 
albedos, and these values are enclosed in parentheses. In this table, V(1,0) corre- 
sponds tc the V-mag at unit distance from the sun and earth and seen at 0=0", with 
no allowance for an opposition surge in brightness at small phase angles, but with the 
dV/do- indicated in Table 2. 
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Table 5. Various Determiititions of Satellite Diameters 



Kuipt'r 

Oceultttion 

Radiometric 

Double Image 

Accepted 

Object 

aCK ilKv k 

Radius 

(km) 

Radius 

Radius 

Radius 

Radius 


<km) 

^m) 

frm) 

#tm) 

Fnceladus (S2) 

275 

- 

- 

- 

- 

Teth\s fS3) 

410 

520 -*;o^^' 



520 t60 

Dione (S4) 

410 

415 x7s'^^ 

575 -100^^ 

- 

500 ±120 

Uhea (S5) 

S20 

790 x45^*‘ 

900 .125*^’ 


900 xlOO 

Titan (S6) 

2290 

2915 =^25^'^ 

2900 aSO^^^ 

2425 ^150^^^ 

2900 . 200 

Hyperion (S7) 
lapetus ^S) 
io (Jl) 

070 

1650 

725 ilOO^^^ 
1920 i5^^^ 

112 *15^^^ 
;^(io) 

935 

175t» i75^'^' 

112 1 15 
725 ±100 
1920 ±10 

Europa (J2) 

1420 

15(»0 - loojjj 
- 15^="^ 
00 

- 

1550 x 75^^^' 

1500 ±100 

Ganymede (J3) 
Callisto (J4) 
Triton (XI) 

2460 

2290 

1900 

<2630^^^^ 

2775 r65^'^^ 
2550 i-75^^^' 

2635 ±25 

2500 ±150,, 

(14) 

2200 i500 


Notes: 


' Kiliot ef ai. (1975). The \alues given are those computed for a Liimbert 
limb-«?arkeni*d model. I'he uniform-disk nK>del yields radii 10-15 percent 
sm.iller lluin those given here. Thso values tabulated here are rounded off from 


...those actually given by Kiliot ff al. 

L:Veverka et ai. (197S) 

^ ^0'l>ear\ and van FLmdern (1972). See also Ta> lor (1972) and discussion in 
Morrison and t'ruikshank (1974). 

Rased on mutual oeculuuions of the Galilean satellites (.\ksnes and Franklin, 
1974; Vermillion ct al. 1974). 


(S) 

i^) 


Carl.son et ai. (1973). 
jX^Morrison (1974). 

J*^Murphy et al. (1972). 

.q?\V. M. Sinton, private communication (1975). 


See also lx>w and Rieke (1974). 


Jruikshank tl97^b). 

J.,V!Morristm et al. (1975). 

J.iXruikshaiiK et al. (197S). 

JJ^JdoIUus (1970). 

jJ^^Dollfus (1970), Morrison ;md Cruik-shank (1974). 
' ^Xruikshank and Stockton (1979). 


Table 6. BuOe Parameters of the Satellites of Saturn 


Satellite 

Vd,0) 

Py 

R^m) 

M(10^ 

P 

1 lAmas 

4 - 3.3 


aso) 

0.37 ±0.0? 

-1.5 

2 Enceladus 

4^2.2 

e».6) 

(300) 

0.84 ±0.03 

— 1 

3 Tethys 

+0.7 

0.8 

520 ±60 

6.2 ±0. 11 

-1.1 

4 DkHie 

+0.88 

0.6 

500 ±120 

11.6 ±0.3 

-1.5 

5 Biiea 

+0.16 

0.6 

800 ±100 

- 

-1 

6TItan 

-1.20 

0.21 

2900 ±800 

1399 ±2 

1.4 

7 Ilyperion 

+4.6 

0.47 

112 ±15 

- 

- 

8 bpetus 

0.6/2. 3 

0.35/0.05 

725 ±100 

- 

- 

9 Phoebe 

+6.9 

(0.05) 

(120) 

- 

- 

10 Janus 

+4 

(0.6) 

aoo) 

- 

- 

11 - 

+4 

(0.6) 

aoo) 

- 

- 


Values in parentbeecs are estimated on the basis of an assumed ice or frost-covered 
surface. 

BCASSES AND MEAN DENSITIES 

The masses of five of the satellites in the resonance pairs Mimas: Tethys. 

Enceladus:Dione, and Titan: Hyperion, have been determined from observations of 

(be mutual gravitational interactions. The values in Table 6 are from the review by 

Duncombe et aL (1974). While Duncombe et d. give mass values for Rhea, Hyperion, 

lapetus, and Phoebe taken from the literature, they cannot be considered reliable 

enough for inclusion in the table; this conclusion was adopted by Kforrison aial 

Cruiksfaank (1974) in their review, and more recently by Morrison et al. (1977) in an 

updated consideration of the same material. 

Mean d^sities of the satellites are calculated from tbe adopted radii and 

masses, but only for Tethys, Dione, and Titan can these densities be given much 

credence. The formal calculations of density of Enceladus gives a value less than 

1. 0, which is considered unlikely. A composition of mostly frozen volatiles is con- 

-3 

sistent with mean densities on the order of 1 - 1. 5 g cm , as noted below, but for 
most of the Saturn system of satellites these basic parameters are still largely 
unknown. If masses are required for dynamical computations, the best values might 
be calculated f;om an assumed mean density of 1 - 1.5 g cm using the estimated radii 
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given in the table, at least for the inner satellites. Hyperion, lapetus, and Phoebe 
may be exceptions, but there is no relevant information presoitly available. 

THE SPECUL CASE OF lAPETUS 

The problem of the large range of brightness of Ii^tus betwe«i eastern and 
western elcmgations was solved by Murphy et at. (1972), who showed that thermal 
emissicm was maximum when the visible brightness was at a minimum, that is, the 
visible and thermal ’Tij^tcurves" are anticorrelated. The brightness variations are 
therefore a result of nommiform albedo rathe** than a shape factor, and subsequent 
work by Morris<m et d. (1975) provided a detailed (but unicpie cmly to first order) solu- 
tion to the distribution of dark and bright areas on the satellite surface. From a new 
analysis of early and recent photometry of lapetus, plus observations of the thermal 
flux throughout an orbit, Morrism et aL (1975) derived an albedo distrilnition map, 
shown in Figure 11, that satisfactorily acccaints for the visual lightcurve seen at 
varicHis aspects. The distribution of albedo shown in Figure 11 is not unique in that 
(small) variations may occur across the bright face and across the dark face. In 
order to reproduce the observed li^tcurves, a polar cap of bri^t material intruding 



trailing side leading side 

Ftg,nrt I! . MoJtl albtdo dutrtkutum fvr (.ipami. shtun M an Atttff tqual-artoi pnjtttivn. Each ana u 
lahtUd hy ttr visual ffcauttric alhndo. Tbt c^wJtnatt system is defined such that the Imgitude on the satellite u 
equal to the orbital longitude, measured prograde from superior geoerntm con/unction. and the axis of rotation is 
as turned normal to the satellite's orbital plane. Longitude increases to the east as teen fnm she earth, and north it 
at the top. From Morrison et al. / 9'5 
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on ttte dark face waa necessary* as were darter lirabs on the bright face. The average 
geometric albedo of the bright face must be about 0.35 and that of the dark face about 
0.05 in order to yield the <4>served ttermal fluxes, and the phase integral for the 
bright side must lie in the range 1. 0 - 1.5. An artistic rradition oi the albedo map is 
shown in Figure 12. The thermal (20 pm) dbservatimis at different orbital phase 
ang^s (Morrison et d., 1975) are shown in Figure 13, together with model curves for 
two values of the phase integral, and the visual light curve from three differ jt 
observers is shown in Figure 14. 

A new analysis of the occultati<m lightcurve dt lapetus by Ve erka et oL (1978) 
cofrr<4x)rates the Morrison et oL (1975) model requiring approximately, but not exactly, 
a two-hemisphere albedo distributicm. Veverka et of, suggest that die dark hemisphere 
shows no limb darkening (similar to tiie momi), but that the bright hemisphere exhibits 
limb cbrfcening according to the Minnaert relatimiship (Veverkaet oL, equatimi 2). With 
the limb darkening coefficient and the time duration of the occultation, Veverka et al. , com- 
pute tile diameter of the satellite, ami then the albedo of the bri^t hemisphere (Elliot 
et d, 1978). The diameter is that given in Tables 5 and 6, while the geometric albedo is 
Py = 0. 54 The dark hemisphere is timn py = 0. 11 Both values are 

apprecialdy h^her than those derived 1^ Morrison et d. (1975). The higher albedo 
derived by Veverka et oL, and £31iot et oL for tlm dark hemisptere does not appear to 
be sufficiently low to produce tte infrared thermal flux measured by Morrison et oL 
(1975), thot^h the bright hemisphere albedos derived in both studies are a^quately 
included in the range expected for water frost. 

The qimstion of the polar cap has been further studied by Millis (1977) who has 
c<mtinued the photoelectric photometry of lapetus in recent years as the aspect angle 
changes. The inclination of the satellite's orbit to the ring plane, though it amounts to 
less than 15“, results in a small change in aspect from year to year such that in the 
interval 1970 to the present the south pole is tilting out of view. As a result, the 
int^rated brightness of the daiic (leadii^) side has decreased in the past few years, as 
shown in Millis* photometry in Figure 15. Concurrently, the thermal flux of the dark 
side is increasing (Cruikshank 1979, in preparation) as less bright material is exposed. 

We noted earlier that the competition of the material on the bright face of 
lapetus is at least partially water frost. The composition of the dark material on the 
leading face is unknown, but its reflectance from broadband filter photometry in the 
near infrared appears to resemble that of Callisto. Callisto's surface mineralogy is 
not yet understood, but the presence of bound water has been revealed by infrared 
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Figmt 13- Bhghtmu taruaims itipaus at 20 murmf m a ftmtim miiud (nuatmuJ) ptmst, 
immfmnJ vitk /«« tbeontkal otrva caUutattJ fnm tht Midt distrUatmm im Figan I !. Tit stbi 
cmnt fneitks the best fit aaj tantsf t mJ t t» a fiase snt^^ ftt tie irig/k mMtruU q = 1.3. Tbedashtd 
lime is fir q = 1. 1. Fnm Morrism « al. (1975). 



Figtnt 14. The listUe light cant »/ iafsetvs from 197l~1973 camfktreJ uith the thtmtieal curve 
generate fnm the alhtJa distributtoH shcmm in Figure II . 
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SOLAR PHASE ANGLE, deg 

Flj^urt I 5. \ •.-*"•”•‘^0 “j ItiiJiHli and trailing iidti oj laprtas nrrjuj irdar phase angle f'jt a 

Humher of different apparitions. Tf. .'urease in brightness of the leading ( dark) side of the satellite each 
sMCCesstte Scar ..tm, 19~ I ~~ 1 9~2 is attributed to the gradual tilting of the p<ilar cap out of tin angle of 
fteu front the earth. From Mtllis ( I9~'~). 


spectrophotometry’ near 3 pm (Lebofsky 1977, Pollack etal., 1977, and Crulkshank 
et aL, 1977). This absorption also occurs in certain dark asteroids (Pallas and Ceres) 
but no* in Vesta ^Cniikshark and Gaffey 1978, in preparation). The bound water band 
should be sought on lapetus, and this problem is within present observational capabilities 
with narrow-band filters. Discrete mineral absorptions should also be sought, but it 
should be noted that such observations must be made at the exact time of eastern elonga- 
tion so that the feeble light from the dark surface materials is not contaminated with the 
bright reflected light fron? the ice and snow. This requirement places a rigid constraint 
on an already difficult observatior.al problem, but with persistence it can be solved. 

A rare eclipse of lapetus by Saturn and its rings in January 1978 afforded an 
opportunity to observe for the first time since the invention of the bolometer the change 
in brightness temperature of the satellite with changes in solar insolation. Portions of 
the event were successfully observed at 20 pm in Hawaii, California, and Arizona, 
though the results are in a very preliminary state at this time. The Hawaii observa- 
tions (Cruikshank and Becklin 1978) are shown in Figure 16; the changing 20-pm flux 
occurred as lapetus passed through the shadow of Ring A and into full sunlight; 
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Figun If}. Thermal observatums at 20 microns of the reappearance of lapetus from th% ,’iaJuu' of 
Saturn's Ring A . S January 1978. This preliminary curie shous the increase in thermal flux fnllou ing 
reheating of the satellite surface hy sunlight after reappearance from the shadow. From Cruikshank and 
Beckltn {in preparation >. 


emersion from the ring shadow was predicted (by Alan Harris) at 1100 UT, but the 
satellite surface had clearly begun to warm up starting at about 1030 UT. This st^- 
gests that the outer extremities of Ring A are partly transparent, a result known 
earlier from observations of stellar occultations. There is evidence that the thermal 
response of the uppermost surface layer (s) of the regolith of lapetus is almost instan- 
taneous, mdicating, as in the case of the Galilean satellites (Morrison and Cruikshank 
1973, Hansen 1973) that the thermal conductivity and the thermal inertia are extremely 
low. Detailed models of the lapetus data may put realistic constraints on the presence 
of atmospheric gases on this satellite because of the strong effect of an atmosphere on the 
thermal conductivity of the dendritic surface microstructure presumed to exist on lapetus. 

The reason for the stunning asymmetry in the distribution of frost, hence the 
brightness, on the leading and trailii^ faces of lapetus is not understood. Hypotheses 
proposed have included both preferential deposition of frost on the trailit^ hemisphere 
and preferential removal of frost from the leading hemisphere, but neither can be 
satisfactorily modeled, especially in view of the more nearly uniform distribution of 
bright (or dark) materials on the other satellites. A more recent hypothesis suggests 
that dark material generated from impacts on Phoebe might preferentially accumulate 
on the leading face of lapetus as the particles spiral toward Saturn, but this, too, 
requires detailed modeling. In this context, the determination of the nature (at least 
albedo) of the surface of Phoebe is of interest. 
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ATMOSPHERES 


Except for Titan, nothing is known about the presence of atmospheres on the 
satellites of Saturn, but the Fink et al. (1976) spectra would have shown methane or 
ammonia had either gas been present in even very small amounts. Water frost has a 
finite vapor pressure, and water vapor will dissociate in the presence of solar ultra- 
violet light with spectroscopically identifiable oxygen as one byproduct. Searches for 
oxjrgen surrounding the icy Galilean satellites have so far been negative, however, and 
the reduced vapor pressure at the lower temperature of the Saturn satellites, plus the 
lesser solar ultraviolet flux, makes the detection from earth of oxygen around Rhea, 
for example, unlikely. 

INTERIOR STRUCTURES OF THE SATELUTES 

The principal studies of the interior structures and thermal histories of small 
bodies in the outer solar system have been those of Lewis (1971a, b, 1972) and 
Consolmagno and Lewis (1976), who have described equilibrium and disequilibrium 
models of condensation from the solar nebula. In the most recent exposition of this 
~k, Consolmagno and Lewis (1977) have shown that for condensation at T= 160 K or 
less, body will have a bulk composition consisting of Cl chondritic material and 
water ice in roughly equal proportions if the process is slow enough to permit mainte- 
nance of chemical equilibrium with the surrounding solar nebula. If condensation 
occurs too fast, disequilibrium occurs and the body is built up of layers that do not 
interact chemically with one another. Such a body will have a high-density core 
surrounded by a mantle of ice and ammonium hydrosulfide, with an ultimate crust of 
ammonia ice. 

The total mean densities of both types of satellite will be about the same, and 
within the range of tiie probable densities of the Saturn satellites, except Titan. The 
higher mean density of Titan suggests a larger volume fraction of silicate material. 

The thermal histories of the small satellites depend on their compositions 
because of the different melting temperatures of various ices. If only Cl material and 
water ice are present, satellites less than 650 km in radius will probably not melt, 
and bodies as large as 1000 km will melt and differentiate only slightly. In models 
where ammonia compounds are present, smaller bodies will melt because of the low- 
ered melting temperature, and satellites of 700 to 1000 km radius will be significantly 
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differentiated with a core of silicates, a mantle consisting of water ice and an 
ammonia-water solution, plus a crust of water ice a few hundred kilometers thick. 

The thermal history of Titan is much more complex because of its greater size 
(with higher internal pressure) and possible larger volume fraction of silicate 
minerals. Melting occurs early in the history of a satellite this large, and acceler- 
ates as energy is released by the gravitational settling of denser fractions. The 
thermal histories of large bodies are perhaps more properly termed cooliig histories, 
and the formation of different pressure phases of the ices in the interiors of these 
objects, plus the chemical interactions of the different constituents has only begrm to 
be studied. 

SUMMARY 

It is useful at this point to summarize our understanding of each satellite 
individually; we consider them radially outward from Saturn. 

1. S 11 If it exists, S 11 is probably an icy satellite with high albedo and 
radius several tens of kilometers. It may be, as Aksnes and i‘ranklin suggest, just 
one member of a family of extended ring particles near the Roche limit. Verification 
of its existence will probably await the next passage of the earth through the ring 
plane, or perhaps spacecraft imagery. 

2. Janus If Janus really exists, it is probably indistinguishable from S 11 and 
any other members of the ring-tip family of satellites, but additional data are clearly 
required. 

3. Mimas By inference and analogy, the surface, and perhaps the bulk com- 
position, of Mimas is dominated by water frost. Mimas is less than half the size of 
the largest asteroids. 

4. Enceladus The only relevant data indicate that Enceladus is a frost- 
covered satellite, though there is a suggestion of a leading-trailing asymmetry in the 
same sense as that obseiwed on lapetus. If correct, there may exist a further clue 

to the puzzling case of lapetus. Enceladus is about the same size as Mimas, but there 
is marginal evidence that its mean density is a bit greater, though still in the range 
of total volatile composition. 

5. Tethys Another icy satellite, Tethys is about the same size as the largest 
asteroids, though its albedo is much higher. The frost appears uniformly distributed 
around the body. 
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6. Dione Dione is indistinguishable from Tethys at the present level of 
precision of the relevant data. 

7. Rhea Frost dominates the surface of Rhea, and the albedo is uniformly 
high around the satellite. It is larger than the largest asteroids, but is still only half 
the size of Titan and the Galilean satellites. The mass, hence the density, is 
unknown, but frozen volatiles probably are the bulk compositional constituents. 

8. Titan Titan dominates the satellite family in terms of diameter and mass, 
and exerts a measurable gravitational force on other bodies in the system. Its opaque 

atmosphere controls its photometric properties, and w'e know nothing of its surface. 

-3 

The mean density of Titan is uncertain, but is probably less than 2 g cm , suggesting 
that the Interior contains only a very small fraction of silicates in addition to the 
presumed condensed volatiles. Titan presents an interesting contrast to the icy 
satellites interior to it. 

9. Hyperion Apparently another non-icy satellite, Hyperion exists in a grav- 
itational relationship with Titan, and its orbital (and rotational) history may have been 
controlled by the larger body. Sketchy evidence appears to show a compositional 
similarity between the surface of Hyperion and satellites of Uranus and Neptune, b li 
the nature of the material has not yet been deciphered. Hyperion is very small. 

10. lapetu s One of the great puzzles of the solar system is the asymmetry 
in the distribution of frost on the surface of this satellite; the leading face may be 
dark, and the trailing hemisphere is largely covered with water frost. lapetus is 
comparable in size with the largest asteroids, and it is the first satellite outward from 
Saturn whose orbit is inclined significantly to the ring/ satellite plane. Thermal eclipse 
data appear to indicate a very’ low density upper surface layer. 

11. Phoebe Marginal evidence suggests that Phoebe's surface is dark, in 
which case material removed by impacting space debris maj’^ be the source of the dark 
material on lapetus. Phoebe moves retrograde in its large orbit, at a high inclination 
to the ring plane. There is no evidence on the question of surface composition. 

Ground-based observational techniques have not been exhausted in the study of 
the satellites of Saturn. Infrared spectra can be obtained for all members of the sys- 
tem with the exception of Janus and S 11, with instruments in existence or under 
development, thus giving us the possibility of studying the composition of Mimas, 
Hyperion, the dark side of lapetus, and Phoebe. The largest telescopes and most 
sensitive detectors are required, however, so progress on these problems will be 
slow. 
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DISCUSSION 


D. MORRISON; Since you mentioned the recent lapetus eclipse, I think It ivould 
be appropriate to read into the record the bstract of a preprint that I received from 
K. Aksnes and F. A. Franklin of a paper ( -d Mutual Phenomena of Saturn's Satellites 
\n 1979-1960. (This paper has since app- - 2 d in /corus (1978), 3-f, 194-207.) 

"Using two sets of orbital . ' vnent- . .1 the radii of the Saturnian satellites I 
(Mimas) through 7 (Hyperion), • ' that from Oct. 1979 until Aug. 1980 
nearly 300 mutual eclipses and ~ tions involving these bodies will occur. To 
allow for the expected errors in the .tcHite emphemeridcs, we repeat these etd- 
culations in order to obtain the adaitional events that occur when all satellite 
radii (save Titan’s) are increased by 1000 km. A third listing predicts eclipses of 
satellites by (the shadow of) the ring. Hiotometric obsen>ations of a large number 
of these events will add much precise information to our knowledge of (he 
Sijturriian system :tt a critical time. " 
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D. CRinKSHANK: These eclipses and occultations nill be tough to observ'e. 

G. SISCOE: Are the leading faces of all the satellites interior to Titan brighter 
than the trailing faces ? 

D. CRUKSHANK: No, they’re not. There is some marginal evidence that 
Enceladus is oriented dte same «'ay that lapetus is, namely, that the face in the lead- 
ing direction is darker than the trailing face. That conclusion was based on insuffi- 
cient photometric data that are intrinsically very difficult to get. 

In the case of Mimas, we have no data whatever. But it is interesMng to spec- 
ulate about the difference between the reflectance of the icy satellites and the ix flcc- 
taiu;e of the rings, specifically short of 500 nm. The rings, as you know, drop off 
toward the UV, while the satellites are flat. Where does the transition occur? Does 
it occur at the edge of the rings? Does it occur witii S-11 or Janus or Mimas ? It 
would be very interesting to find out. 

I might point out that a lot of Qiese problems that still remain on the satellites 
of Saturn are soluble. We can get better spectra and better photometry,-, but it takes 
big telescopes with sensitive detectors. 

D. MORRISON: There also will be a much improved opportunity^ in the next 
couple of years because of the rings being on edge. The scattered light problem will 
be substantially less for tiie inner satellites. 

J, CUZZI: In the spectra of Callisto and Ganymede, can you resolve the rock 
component from the ice component? Also, do j^ou see less reddening in the out; 
Galilean satellites than you do in lo and Europa? In the Saturn system you see the 
Saturn satellites having flat spectra and the rings being red, and I wondered if a 
similar effect was seen in the Galilean satellites. 

D. MORRISON: There are such major compositional differences from one 
Galilean satellite to another that such a systematic effect is probably masked. That's 
why it's interesting to talk about tlie ensemb.e of the rings and the satellites for Saturn. 
As far as we know, they all have surfaces with about the same composition - mainly 
water ice. It is a more homogeneous sample, at least to first order. 
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ABSTRACT 

Direct, strung evidence for non-thermai radio emission from Saturn exists 
in the hectometric data observed by Imp 6 and studied L. W. Brown. 
With the approaches of the Voyager and Pioneer spacecraft, new and 
specific informatitm on Saturn's magnetic field will become available by 
the end of 19?9- The planet has been tentatively identified as a 'iecametric 
source by several investigators, but the most sensitive and most recent data 
fail to confirm this. At metric or decimetric wavelengths Sanim has no 
non-thermal emission like Jupiter's synchrotron sourcrs. Finally, a com- 
parative study of earth and Jupiter radio emissions suggests what we may 
expect from giant planets in the way of ev idence ftM' lightning discharges. 


Let T be source temperature in the usual thermodynamic sense fa measure of 

E per molecule); then, non-thermal radio emission occurs where the source is 

2 -2 -1 -1 

bri^ter than the radiance , 2E /X Wm Hz sr . X is wavelength; E = kT 

-23 ^ 

where k = 1.38xi0 J per deg, and T = absolute temperature. 

Hectometric radio emission from Saturn (at wavelengths of lOO's of meters) 
has probably been observed from the Imp-6 Spacecraft by L. W. Brown (1975) (see 
Figure 1). At the peak, 300 m = X, the flux dtensity in this emission seen near the 
earth approximately equals the cosmic background radio flux, as well as the peak 
flux density of Jupiter's emission at 8 MHz (Brown, 1974), Its occurrence probabil- 
ity is less than 5% of that for Jupiter emission at 1 MHz. This may explain the lack 
of detection (Kaiser, 1977) of Saturn from the Radio Astronomy Explorer-2 
spacecraft. 
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Ftpme I. Htammetrk Strtaru tara (L. V. Bnam, 
1975). (RtfnJmaJ cunuty Tte Aonftjskal 
Jtmntal. ) 


Decametric radio emission from Saturn was tentatively detected by &nitb 

and Douglas (1959), Carr et aL (1961), and Braude (1972). Further measurements 

to a very high sensitivity at 11.4 m (Siawfaan et oL, 1973 and Mutel, 1974) indicate 

“26 

no continuous flex greater than about 1 x 10 flux units. Since the latter ob^rva- 
tions took place close to the maximum tilt of Saturn's southern pole towards the 
earth, it seems clear that there ia little or no south pole emission. If Saturn is 
asymmetric, and favors its north pole, however, the Yale observations could have 
been consistent with northern emission, like Jupiter prochices. 

The possibility of Saturn synchrotron emission has generated mai^ attempts 
to estimate and to measure polarization and spectral properties of Saturn's metric 
and decimetric radiations. This emission may well be significant only at metric 
wavelengths; measurements have not yet detected it (see Shaw'han, 1978). 

Phenomenologically distinct from these types of emission, there exists on 
the earth strong broadband impulsive radio emission associated witti electrical dis- 
charges. It seems as though virtually all prognosticators believe that lightning also 
will occur in the giant planets' atmospheres near the w'ater ice freezing levels (Lewis, 
1969), and even in the atmosphere of Saturn's largest satellite, Titan (Sagan, 1974). 
My favorite magazine center-fold illustration is from National Geographic (Febru- 
ary, 1975). It shows, I think, what we mi^t all hope to record sometime aboard 
probes into the atmospheres of the giant planets and, perhaps, to Titan. 
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There are no measurements of Saturn's magnetic field as such. Brown's 
(1975) data represent indirect evidence for tiie field like (althou^ it larfca polariza- 
tion) the evidence on which Jupiter's field was inferred 20 years ago (Franklin anH 
Burke, 1958). The inference that Saturn's polar surface Held is 2 gauss follows 
from the comparison of the radio frequency of terrestrial kilometric radiation with 
that of Jupiter's decametric radiation. The one peaks at about 300 KHz, and the 
other, at about 8 MHz. The Held strengths in the sources are directly pix^rtional 
to these radio frequencies. This kind of agreement, as put forth by Kaiser and 
Stone (1975), is based on many different autlmrs' theoretical and experimental results. 

Theoretical inferences on Saturn's polar surface Held cover an enormous 
range. Excluding predictions that it has no field at all (bmoluchowski, 1971), they 
range from 1/20 to 5 ^ss ^Stevenson, 1974; Warwick etoi., 1977), a factor of 100 
Smoluebowski doubts the existence of the necessary liqpiid metallic core, Stevenson 
allows for only a small core (1/8 the planetary radius) and Warwick et aL use a 
physical scaling for magnetic theory, but do not discuss metallicity or conductivity of 
Saturn's interior. Many peqsle (Luth^, Van Allen, Siscoe, Scarf, and others) ad<^t 
their own solutions to this problem of Saturn's internal fluidity and magnetism. 

As I write (1 February, 1978), Brown's (1974) hectometric Jupiter signals 
would lie about 3 dB above cosmic noise at the Voyager ^>acecraft about 3 AU from 
Jiq>iter. The Voyager PRA experiment (Warwick et aL, 1977) at hectometric 
wavelengths uses a narrow bandwidth, oily 1 kHz, and camuA detect tt^ cosmic noise, 
both as a result of this bandwidth limitation, and also the presence of a small residual 
interference unsynchronized with the spacecraft clock. However, it has detected 
Jupiter in this range since 28 December 1977. The approach to Jupiter renders its 
signals much stronger than noise of Saturn. After Jupiter micounter, Saturn emission 
rapidly gains the advantage. At the time of the Pioneer 11 encounter in S^tember, 
1979, Voyager 1 should show Saturn signals comparable, at 1 MHz, to Jupiter signals 
and 10 dB stronger than the cosmic noise. At Titan's distance from Saturn, its 
signals will be 60 dB stronger than at Earth, and far above minimum detectable 
signals. 

For more than one year before Voyager's Saturn encounter, and possibly as 
soon as Pioneer 11 's Saturn encounter, the Voyagers will receive Saturn's hecto- 
metric radio emissions for measurements of spectrum, time variations, and polari- 
zatici. If the emission is detected at all, and Brown's success in this respect is at 
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the 95 percent confidence level, we can learn about Saturn the same things we learned 
about Jupiter from ground-based radio observations. These are: (1) rotation period 
of Saturn's internal magnetic field sources to a precision of a few seconds or better 
in 10 hours; (2) presence of satellite or ring interactions with Saturn's magneto- 
spheric plasma; (3) asy-mmetries in the magnetic field on Saturn's surface; 

(4) strength and sense of the surface magnetic fields. In the latter data, we will, of 
course, perhaps only verify crudely what Pioneer 11 has already by then measured 
with considerable precision. However, it is comfortable to consider that whatever 
is Pioneer ll's fate almost two 3 'ears from now, we can reasonably expect to learn 
something about Saturn's field just from Voyager data alone, and as soon as 
September, 1979. And finally, the radio period of rotation determined over a base- 

O 

line of moi'e than 10 rotations, will probably remain more precise than in situ 
field measures can provide over the 20 or 30 rotations of close encounter. 

Electrical discharges from man-made sources, such as frictional electrifica- 
tion of synthetic fabrics, are a commonplace feature of everyday life. In their 
extreme natural form, they are dangerous, not common, and not understood. If the 
sole precondition for thunderstorm electrification in a planetary atmosphere is 
turbulent convection near the water freezing level, then we expect electrification in 
Saturn's and Titan's atmospheres, as well as Jupiter's. 

Bar-Nun (1975) goes fi*rther, to compute the explicit intensi^' of thunder- 
storms like those on earth that would be required on Jupiter, according to his theory 
of the origin and chemical kinetics of ammonia and acetylene, to produce the observed 
acetylene. Many authors seek to explain the presumed existence of complex prebiotic 
chemistry in the giant planets, throu^ laboratory experiments patterned after those 
of Miller and Urey (see Ponnamperuma, 1974) who sparked test tubes containing the 
cosmic mixture and analyzed the prebiotic products. No doubt, if lightning does 
occur out there, these reactions occur, whether or not their products are sufficient!}' 
abundant to produce the coloratioit visible in the giant planets' atmospheres. There 
is controversy on this point, which, to repeat, is w'hether there is evidence, from 
either chemistry, spectroscopy, or photometry, that lightning discharges take place 
on the giant planets. 

What the space program might provide is in situ evidence for the occurrence 
of electrical discharges in giant planet atmospheres. The remainder of my report 
will discuss what evidence there may lie from Earth-based data, and what evidence > 
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may be collected in the future from the Voyager spacecraft, as well as might have 
been already observed from the Pioneer spacecraft at the two Jupiter encounters. 

Direct radio emission evidence, including the low-frequency phenomena of 
whistlers, is lacking from the Pimieers for the simple reasmi that neither of them 
carried a wave e:q>eriment at any frequency. These were energetic-particles-intensive 
spacecraft, and provided definitive evidence especially for engineering design of 
future spacecraft for flights around Jupiter. 

On the other hand, I'lptical experiments in the infrared and visual spectral 
regimis rhowed Jupiter’s atmosphere to be turbulent, on a scale no larger than a few 
hundred kilometers, everywhere, including polar regions. Furthermore the infrared 
experiment showed outward heat fluxes ccmstant (Ingersoll et ol., 1976) over the entire 
planet accessible to observation, which implies that the forces driving convection are 
omnipresent. It is obviously uot possible within the time scales of the Pioneer 
scanning photopolarimeter to record li^tning flashes; this most direct of all methods 
does not work on those spacecraft. 

Earth orbiting satellites can on the other hand detect nighttime lightning 
storms (Sparrow and Ney, 1971; Sizoo and WTialen, 1976). Signal levels from the 
Defense Meteorological Satellite Program (DMSP) satellites at just under 1000 km 
altitude easily detect cifr I' lhts and squall lines, the latter tlvrough a unique streak 
of response by the scanning detector to intense flashes of lightning. From the Jupiter 
periapsis of Voyager 1 at more than 300 times the distance of DMSP from Earth's 
lightning strokes, the same effect must require about 50 dB greater lightning intensity. 
Success of the Voyager polarinieters must under these circumstances be doubted 
insofar as tlieir detection of lightning is concerned, even though Bar-Nun (1975) 
requires essentially a thunderstorm on each element of area on Jupiter's surface 
measuring 10 x 10 km, each producing strokes once every 10 s, like a violent ter- 
restrial storm. 

In some particularly active centers, such as the Great Red Spot, he infers 

4 

10 X e^’en that level, which is itself 10 x as active, per unit area averaged over 
Jupiter's surface, as is the level of terrestrial lightning. 

It is well worth remembering that the earliest explanaiio:;s of Jupiter's 

decanietric emission were in terms of enormous lightning flashes requiring energies 

0 

more than 10 x greater than tliose on Earth (Burke, 1961, and see below). This 
enormous enhancement is necessary if the fine time sti-ucture of the planctarj’^ emis- 
sions, fluctuations violent on a scale of 0. 1 s to 10 s, lepresents individual flashes. 
Since, however, there are convincing reasons to believe this variability has more to 
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do with scintillations produced in the solar wind plasma, than time variability in the 
sources on Jupiter, the early e;qilanation is no longer accepted. Instead, Jupiter's 
radio sources today are understood in terms of magnetospheric physics, includh^ the 
generation and precipitation of energetic electron streams into Jupiter's u{^r 
atmosphere. 

4 

Therefore we acc^t Bar- Nun's requirement of 10 enhancement in the average 
rate of occurrence of li^tning flashes on Jupit-^r as compared with the Earth, rather 
than enormously enhanced individual flashes. tTIashes are, by assumption, identical 
in physical structure on the two planets, and %e will not discuss whether Bar- Nun's 
conclusion is, ih its own terms, acceptable frrm a physical chemical point of view. 

Thunderstorm activity on Earth produces radio emissions at all frequencies 
ranging from ELF to VHF. At high frequencies (HF), from 3 to 30 MHz, die emissions 
from individual flashes may escape the ionosphere of the earth and be recorded in 
space. Figure 2 shows a typical flash consisting of several return strokes, with 
coupled impulsive radio emissions at 15 kHz and 34 MHz, as well as quasi-continuous 



Ftgurt 2. EUftntmagmtK fitlds in tht lightning fUih. The “E-fitU" cnrvt ts aunttally tht DC 
variations in tht electrostatic fitlJ. The other tuv luitts are, respectively, broadband emission centered on 15 
KHz, and relatively narrow band emission centered on 34 MHz. The observations were made at the 
University of Colorado Radio Astronomy Obsertatory. near Nederland. Colorado, in September, 1977 . 
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emission lasting for several tenths of one second at 34 MHz. Field strengths in an 
individual stroke at 34 MHz are typically a few millivolts per meter per root hundred 
kilohertz at ranges of a few kilometers (see Uman» 1969). 

High frequency emission from a single, given, stroke seen from satellite 

altitudes, say, 1000 kilometers, about equals the cosmic background. To produce 

this much signal if its source were Jupiter, the stroke would have to be 120 dB more 

energetic, since Jupiter is about 10 x farther away (600, OOC, 000 km at opposition). 

This is a much larger ratio than the one given by GaUet (1961), which was only a 
8 9 

factor of 10 to 10 in energy. 

Instead of individual flashes, observations of terrestrial discharges from 
space refer to the largest scale storm centers on Earth covering millions of square 
kilometers of tropical continents. These have been effectively observed by the Radio 
Astronomy E:q}lorer-l spacecraft at an altitude of 6000 km over the Amazon basin 
(Herman et al., 1973). In southern winter, December, 1968, direct observations 
showed this particular terrestrial radio emission scnirce to have a brightness about 
50 dB above the cosmic noise level at 9 MHz. These are well calibrated results, by 
the spacecraft's Ryle-Vonberg comparison radiometer in 32 s averages. Further- 
more, the lower Vee antenna of this spacecraft possesses a pattern 13* x 27* in 
dimensions, quite appropriate to a determination of the brightness variations over 
sources the size of Amazonia, seen from an altitude of 6000 Ion. 

Thirty-four MHz stroke emission seen at 6000 km from a single stroke, should 
be 15 dB below the cosmic noise level. To enhance a single stroke by additional 

strokes sufficient to build the total emission 50 dB above the cosmic noise requires 

6 3 

more than 3 x 10 strokes to occur simultaneously. Since only 10 storms are simul- 
taneously present over the entire Earth, it may be that RAE-l's Amazonia observations 
are due to man-made interferences as well as to thunderstorms. 

Our interest is, however, in Saturn, and to the extent it provides a model, 
also Jupiter. Taken at face value, that is, without allowance for man-made noise in 
the Amazonia data, the RAE-1 results suggest that thunderstorms on Jupiter, just 
like those on earth in stroke intensity and in rate of stroke occurrence per square 
km per s, are not far below the Earth-based detection level at 9 MHz. With the 
greater areal frequency of thunderstorms proposed by Bar-Nun, the radio emission 
should have already been recorded in Earth-based radio astronomical observations. 
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To demonstrate this we note that RAE-l's terrestrial ’’thunderstorm” levels 
at 9. 1 MHz are 50 dB greater than the cosmic noise when the spacecraft is 6000 km 
above Amazonia. If the spacecraft were at Jupiter's distance 600, 000, 000 km instead, 
it would receive the signals from 10 x farther away, and therefore 100 dB weaker. 
This would result in the terrestrial signals there being 50 dB below the cosmic noise. 
Jupiter's area is 21 dB greater than the earth’s, and as a result, if it is the source 
of thunderstorms exactly like those observed by RAE-1, but greater in number 
because of this greater area, Jupiter storms seen from the Earth should be just 
29 dB below the cosmic noise at 9. 1 MHz. 

But Bar-Nun states that the normalized rate of occurrence of thunderstorm 

4 

strokes on Jupiter needs for chemical reasons to be 10 x that of the Earth. Since 

3 

there are no more than 10 storms in progress on the Earth at a given moment, the 
terrestrial areal occurrence frequency is no more than 1. 96 x 10~ km” , which 
requires one storm in each area measured 714 km on the sides over the entire Earth. 
Bar-Nun suggests that this figure on Jupiter would be, instead, 7. 14 km on one side. 

The total number of Jupiter storms visible at the Earth on Bar- Nun's hypo- 
thesis becomes 21 dB + 40 dB - 3 dB = 58 dB greater than are terrestrial storms 
visible from Jupiter. Since the latter are 50 dB below the cosmic noise, we conclude 
that in combination with the BAE-1 terrestrial data, Bar-Nun’s theory predicts that 
terrestrial observations of Jupiter thunderstorms should lie 8 dB above the cosmic 
noise level at 9. 1 MHz. 

One caveat would be the possibilily that at 9. 1 MHz, Jupiter's ionosphere 
cuts off thunderstorm radio emissions. They are, of course less intense at higher 
VHF frequencies so that we would expect smaller signal to noise ratios there. And, 
in addition, decametric emissions will strongly cover thunderstorm emissions at 
higher frequencies. In any case, the Pioneer 10/11 ionosphere critical frequencies 
were only about 5 to 6 MHz (see Fjeldbo et ai, 1976). Finally, Bar-Nun suggests 
that the Great Red Spot, because of its obvious convective activity as well as strong 
color, should be an active thunderstorm region, 10 x more than other regions of 
Jupiter. 

We have several years of high gain interferometer data recorded by the 
University of Colorado-High Altitude Ooservatory near Boulder, at S. 9 MHz. This 
should be an ideal base on which to investigate whether this effect occurs. These 
data have been scaled for Jupiter emissions, alongside similar data taken at 
10. 1 MHz (see Dulk and Clark, 1966) at the US Department of Commerce Observatoiy 
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in B jlder. These authors analyzed their data for structures in the radio longitude 
system and in the lo longitude system. If, however, a putative atmospheric source 
contributes to these data the slower rotation rate of the GRS than the magnetic field 
of Jupiter might make it hard to observe. This smearing amounts to about 90* in 
only one observing season; while, at decametric wavelengths, features are much 
narrower than this value, it might be that in a few longitude ranges, say perhaps 
where GRS is located, a new peak would appear at the low frequency of 8. 9 MHz. 

Figure 3 shows the results of reanalyzing the 1964 apparition data at 8. 9 MHz, 
and additional, unpublished material for the apparition of 1965. In essence, the new 
analyses, in radio longitude system HI (1965) and as we!l, in temperature- altitude 
longitude system n, show as expected a very broadly distributed emission of almost 
global occurrence around the planet. The features are more consistent in system HI, 
and shift backw'ards, towards smaller longitudes, in system n. This is precisely 
what should happen if the emission is totally dominated in these records by the famil- 
iar decametric emissions that relate to magnetospheric interactions. In particular, 
there is little evidence that a narrow new source appears at the LCM of the GRS, 
which is about 020* in system n at this time. 

The upshot of all this is that it appears as though Bar- Nun's conclusion, along- 
side the RAE-1 data, together imply thunderstorm activity from Jupiter 8 dB above 
cosmic noise levels. The Jupiter decametric levels on these ground-based records 
are, although it has not been mentioned earlier, about 10 dB below the cosmic noise. 
Therefore, we conclude that our hypotheses are in error by 13 dB at least, and pos- 
sibly some greater amount. If we conclude tiiat our failure to find a system II connec- 
tion is at the 10 dB level below the level of the Jupiter emissions themselves, we are 
probably safe in concluding that thunderstorm activity is at least 30 dB below the 
RAE- 1-Bar- Nun prediction. 

How should we understand this discrepancy? In the first place, suppose that 
the terrestrial thunderstorm data at 6000 km are 15 dB above cosmic noise instead 
of 50 dB. Herman et al. (1975) indicate, for United States thunderstorms, the levels 
are 6 to 12 dB higher than in the usual ci^’^’mstances, when man-made noise domi- 

3 

nates. This corresponds to the assumptions that there are 10 storms simultaneously 
in the antenna of RAE-1 over Brazil, and we know HF emission levels from strokes. 

In that case, we have made up the discrepancy vis-a-vis the 8. 9 MHz observational 
data, and with only 5 dB required from Bar-Nun's theory (i. e. , 35 dB enhancement 
over earth's thunderstorm activity, instead of 40 dB) to make it fit the data. 
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Conversely, we mig^t suggest that some Jupiter thunderstorm • ctivity is indeed 
a{^rent in the Boulder S. 9 MHz data. 

2 

Vf^'ager 1 passes by Jupiter at about 350, 000 km distance, (350) = 51 dB, 
away from the standard 1000 km distaiM^e at which a single stroke produces an etpiiva- 
lent radlatimi to the cosmic noise at decametric wavelengths. But there are 58 dB 
more storms there tif we accept Bar-Nun's hypothesis) than are visible from die 
earth, and the latter number is 30 dB more than one strdee. We expect tc aee 
thunderstorm activi^, granted validity of Bai -Nun's conclusions, at a level 58 dB 
^ 30 dB - 51 dB = 37 dB above the cosmic noise. This value exceeds the spacecraft 
irterfereoce levels at all frequencies, and suggests detectability of Bar-Nun's 
thunderstorms from both Voyagers. 

The spacecraft are implemented so that observations on a time resolution of 
about 0. 1 milliseconds are possible for a lot of dbserving time within the Jupiter 
system. The statistics of these data may i eveal lightning storms on Jupiter, even if 
individual strokes are not distinguishable from the great bulk of emissions. In parti- 
cular, enhancemmits associate^ with optical features such as the GBS are worth a 
careful search. Perhaps within a year or so, w'e can answer die vexing question of 
lightning occurremse on Jupitex*, a.-xd then, witiiin two and a half years, similar qr'es- 
tions for Saturn and Titan. 
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DISCUSSION 


B. SMITH: Jim, what ia the hope that iiew '>rvations will determine ttte 
radio rotation period (the equivalent of Jovian ^stem HI) for Saturn? 

J. WARWK7K: I believe ttiat the possibility oi observing non-tliermal emis- 
sion by Saturn from space remains for Voyager. Voyager I will be the first to detect 
Saturn, and that will be from a distance oi about 4 AU in September of 1979. Until 
tiien, diere won't be any more data than Brown's. To determine a Saturn rotation 
period will br a "first order of business" for us. 

L. TYLER: What about the possibility of detecting lightning in other regi<ms 
of the spectrum? 

J. WARWICK: With a flyby of Jupiter, that's (me of tlm things the plasma wave 
experiment would be l(X]king for. The questicm is: Will there be aiqr precursor evmits 
to identify the wave sources as lightning, such as the snap followed by file whistle? 

We may not be able to see file individual sn^ followed by the individual whistle. If 
there's as much activity as Bar-Nun thinks, we may not be able to see anything 
separately: just see a mishmash of noise comprising all the lightning strokes over 
the surface oi Jupiter. 
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ABSTRACT 

Modek of the San>rnian magnetosphere based on the applkatitm of 
magnetospheric scaling relations to a spin-aligned planetary magnetic 
dipole that produces a surface equatorial field strength in the range 0.5 to 2 
gauss exhiiMt the hdlowing properties: (I) the orbit of Titan lies inside of 
the magnetosphere essentially all of the time, even when variations in the 
siae of the magnetosphere resulting frcnn solau- wind pressure changes are 
taken into account; (2) the Brice-type plametary plasmasfdiere reaches a 
peak density of about 10 protons cm~’ at L °° 7 (L = planetocent. ic dis- 
tamce in units of planetary radii); (3) Saturn's riigs have a profound effect 
on the enetgetic particfe population and the plasma^heres derived from 
interstellau’ neutrals and Titan's torus; (4) the model calculation suggests 
that the Titan-derived piasmasphere may be self-amplifying with a feed- 
back fKtm greater than unity, which implies the possibility of a non- 
linearly saturated, highly inflated Saturnian magnetosphere; (5) this same 
source can have important eroding effects on the outer edge of the rings as 
determined by Brown-Lanzerotti sputtering rates. 


INTRODUCTION 

The observation of radio bursts from Saturn strongly imply that that planet, 
like Mercury, Eartii and Jupiter has a rich and interesting magnetosphere. We 
here aj^ly the arguments and relationships that comprise the subject of comparative 
magnetospheres to explore in terms of specific models some of the likely properties 
of the Saturnian magnetosphere. Each magnetosphere presently known has one or 
more distinguishing characteristics which set it apart from the others: at Mercury 
a small, quick, ionos[^erically-unrestrained magnetosphere; at Earth a compromise 
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magnetosphere, intermediate in almost all respects, and at Jupiter a rotation and, as 
now appears likely, satellite dominated magnetosphere. In the case of Saturn, unique 
characteristics can be expected to result from the presence of the rings which act as 
a particle absorption feature extending far into the magnetosphere, and from the 
presence of Titan with its relatively massive "tHUwphere and neutral particle torus 
acting as a strong ion source in the outer magnetosphere. 

The principa. results from the si’I^ject of comparative magnetospheres to be 
used here are taken from Kennel (1973) and Siscoe (1978a). Concerning the magneto- 
spheres of Jupiter and Saturn specifically, the articles by Scarf (1973, 1975), 

Coroniti (1975), and Kennel and Coroniti (1975, 1978) should also be consulted. To go 
through our subject systematically, we consider separately the magnetospheric 
features and processes arising from the solar wind interaction, from the ionization 
of the planetar^' atmosphere and interstellar medium, and from the ionization of 
Titan's neutral particle torus (see Figure 1). 



Figure I. Z:aU' sizes of the planets . their satellite SMiems anJ their magnetospher' s ai ihar- 
actertzed hy the distance from the planet's center to the suiiolar staRnatton point. PlaneUry and 
solar rad:, are indicated by the hatched bars and the magnetospheric dimensions hy the T'l. i From 
Stscne, i9:<ia). 
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SOLAR WIND FEATURES AND PROCESSES 


The solar wind boiuvUr)’, or magn^pause, is the first item we will consider 
under this heading. The cistance from the planet into the wind at which the shielding 
effect of the planetary magnetic field brings the solar wind to rest and causes the flow 
to be deflected in the manner of a flow past a blunt body is given in the case of Saturn, 
under the assumption of a pure dipole field and a vacuum magnc^spbere, by 

"m = ^ <» 

where R^ is in units of Saturnian radii, nX"^ is tiie product of solar-wind proton densitj-^ 

and speed-squared at Saturn, expressed as in Figure 3 in terms of the ratio to the mean 
13 -1 -2 

value 8 X 10 cm s extrapolated from measurements at 1 AU (Foimisano et al . , 

1974), and is the surface eqiiatorial field strength in gauss. We assume here that 

the planetary field is a spin-aligned dipole (see Figure 2). 

Arguments based on the absence of detectable Satinrnian radio emissions at 
earth analogous to Joxlan decimetric emissions (Scarf, 1973), on the detection of 
Saturnian magnetospheric radio bursts analogous to Joviaif dacametric bursts and 
geomagneto spheric kilometric bursts (Kaiser and Stone, 1975; Kennel and Maggs, 

1976), and on an empirical planetary scaling relation (Kennel, 1973) suggest that 
Bgg lies in the range 0. 5 to 2 gauss. 

The solar wind quantity proportional to momentum flax, nV'^^, varies in 
response to solar wind streams, which undergo appreciable nonlinear evolution 
between the orbit of Earth, whei'r the characteristics of the flux are well know'n, and 
the orbit of Saturn, where the characteristics must be dcterniinetl by nonlinear extra- 
polation from 1 AU. Such calculations have been performed by Hundhausen and Pizzo 
(private communication, 1976) and arc shown in Figure 3. The effect of stream 
evolution is evident in the comparison of the histograms at 1 AU and 10 AU. At 1 AU 
the modal and average values are approximately equal whereas at 10 AU the modal 
value is considerably less thar* the average, and there is i compensating increase in 
the population of the high value tail. This change in the character of the histogram 
reflects the fact that at 10 AU the streams have evolved into narrow regions of high 
compression separated by wide regions of rarefact’on. The magnetospheric con- 
sequence of tliis stream evolution is that compared to Earth the value of for Saturn 
will be relatively more variable and values larger than average will occur relatively 
more frequently (see Smith et al, 1978). 
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The histogram in Figure 3 can be used in combination with equation (1) to deter- 
mine probability distributions for the size of tlie Saturnian magnetosphere as measured 
by and these are shown in Figure 4. We see from the figure that the probability 
that the subsolar magnetopause lie beyond the orbit of Titan is greater than 90% even 
for the case Bgg = 0.5 gauss. For the case B^g = 2 gauss, there is a 50% probability 
that it will lie beyond twice the orbital distance of Titan. 

The values of R^ determined from equation (1) are actually lower limits that 
would be revised upwards when the effects of interior plasma populations are con- 
sidered. In the case of earth such revisions are relatively small, except possibly 
during geomagnetic storms, when the solar wind-derived interior plasma feature 
referred to as the ring current becomes important. In the case of Jupiter, interior 
plasma populations evidently dominate in providing the stagnation pressure at the sub- 
solar magnetopause, creating in effect a magnetic dipole 2 to 3 times greater than that 
of Jupiter alone (Davis and Smith, 1976). As equation (1) shows, such an effective 
increase in B-.^ would increase R by a factor of 1.3 to 1.4. The increased internal 
pressure might result simply from the addition of the static thermal and magnetic 
pressures of the resident, quasi-trapped charged particle populations, or from the 
dynamic pressure of a centrifugally driven, radially flowing magnetospheric wind 
(Coroniti and Kennel, 1977, and references therein). As we will see, in the case of 
Satiurn, Titan might be the source of a major internal plasma featime with a magnetic 
moment exceeding that of Saturn. Thus, the actual size of Saturn’s magnetosphere 
might be considerably larger than predicted on the bases of a vacuum interior. 

We have dwelt at length on the magnetopause and what determines its size 
hec..use of the importance of the answer to this question to later discussions. With 
regard to the remaining solar wind features and processes, it is both reasonable and 
expedient to adopt the philosophy first expressed by Scarf (1973 and also 1975). In 
all essentmis that are likely to be importaiit in determining magneto .- pheric features 
and processes, both in regard to solar wnid parainUers and planetary parameters, 
Jupiter and Saturn are very similar. To arrive at Satui-n's magnetosphere then, we 
should start with Jupiter's magnetosphere and make appropriate adjustments. The 
Jovian magnetosphe"’ tail is expected to be \ ery long, perhaps 2 to 4 AU (l.ennei 
and Coroniti, 1975, 1977), and the same expectaf ori shou'd apply to saturi.. The 
pclar caps that map ..lc»'.£. field lines fi'om the plane into the tail have angular radii 
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Fig^ 3. His^ram ^ the wlar wiml as nuasand at I AU (up) 
and as cmputatimally extended tn 10 AU (beatam) (Handbaasen and Phzo, 
1976 pemmal asmmankaiien). The averages at I AU have been set eqtutl to those 
obtained by Formisam a at. { 1974). 



Figare 4. ProkAUities relating to the lotMwn of the snbudar stagnatioH 
point (4 Saturn's nu^netosphere based on the histogram of Fiptre 3 and the 
vaatam dipole scaling rdations. 
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expressed in degrees measured from the magnetic poles of 10° lEor Jupiter and 11° for 
Saturn, compared to 20° for the case of Earth. The naive scale length foat charac- 
terizes the extent of planetary control through the domination of corotation over solar 
wind-induced convection is 530 Rj for Jupiter and 320 Rg for Saturn, compared to 
12 Rg for the case of Eartii. This characteristic length is called naive because its 
computation ignores several complicating factors, all of which tend to reduce its 
size (Kennel and Coroniti, 1975; Chen and Siscoe, 1977). In the case of Earth, the 
actual size is closer to 5 Rg. We will assume in the following that the unkimwn reduc- 
tion foctor in the case of Saturn does not exceed an order of magnitude. This has the 
consequence that Titan lies in the corotation dominated portion of the magnetosphere. 

With regard to the final solar wind-derived feature that we will consider, the 
trapped energetic particle radiation belts, the argmnent first advanced by Scarf (1973) 
would still seem to apply. Solar wind-derived particle intensities at Saturn should be 
less than at Jupiter at corresponding magnetospheric locations for two reasons. Com- 
pared to Jupiter, the magnetosphere of Saturn is expected to be smaller, and large 
particle intensities result essentially from compression through large volume ratios. 
The second, and probably more important reason is that compared to Jupiter, the 
rings of Saturn extend outward 1^ more than a factor of two the inner absorption 
boundary to the inward diffusing particles. The effect of moving the absorbing 
boundaiy closer to the source is to reduce the intensities everywhere in between. 
However before this appealingly simple argument can be accepted, the effects of 
particle losses resulting from pitch angle scattering into the loss cone and from 
satellite sweep-up need still to be looked at. If electron intensities are set by the 
stably trapped limit determined by whistler mode turbulence, as appears to be the 
case at Jupiter between L = 6 and L = 20 (Coroniti, 1975), then at a fixed value of 
L, the intensity at Saturn should be about half that at Jupiter. In spite of prior 
expectations of larger effects. Pioneer 10 measurements revealed relatively small, 
factors of 2 to 5, reductions in particle intensities across the orbit of lo, and lesser 
reductions at the other satellites. Thus without going into the detailed calculations 
required for a definitive answer, the anticipation is that it would be surprising if the 
intensities at Saturn exceeded those at Jupiter at corresponding locations in the 
magnetospheres. 
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PLANETARY AND INTERSTELLAR PLASMASPHERES 


Figure 5 shows schematically the local sources for internal magnetosphe?.'ic 
plasma features that result from ionization of the planet's atmosphere, the interstellar 
medium passing through the magnetosphere, and the neutral particle torus and atmo- 
sphere of any satellite. We consider here the first two sources and treat the Titan- 
derived plasmasphere in a separate section. 

In all three cases we are faced with a basic transport problem in which 
specification of the source characteristics, loss mechanisms, and mode of transport 
determine the density and kinetic properties of the plasma everywhere in the solution 
domain. As stated above, we assume initially at least that the magnetosphere is 
corotation dominated, which implies that the mode of transport is cross-L di^sion 
as opposed to convection or a centrifugally driven wind. The appropriate transport 
equation is for this case 


d_ 

dL 


^LL d 2.. 
-7TdL<L N) 


+ S 


R 


0 


( 2 ) 


where we assume steady state, NdL is the total number of ions in a flux shell of 
thickness dL, SdL and RdL are the source and loss rates in the same shell, and 
is the diffusion coefficient. 



Figure 3. The three sources of plasmaspheres for the giant planets, ionization of the planets 
atmosphere, the local interstellar medium, and the neutral particle torn of any satellites. 
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Solutions of this equation apprapriate to the planetary and interstellar plasma- 
spheres in the Jovian magnetosphere have alreacfy been presented (Siscoe, 1978a, b). 
The first reference also treats the Saturnian magnetosphere, but ignores the absorption 
of the particles by the rings. We refer the interested reader to these articles for a 
fuller discussion of the problem. A couple of points, however, should be repeated 
here. The boundary conditions are full absorption at inner and outer boundaries. The 
outer boundary is set at 30 or 40 R„. For the planetaiy plasmasphere there are 
two "opposite extreme" models. One, the maximum plasmasphere model, is based 
on the idea of complete magnetospheric trapping of the ionospheric photoelectron- 
plus-ion flux (Goertz, 1976). The other extreme allows a return flux to the ionosphere 
in the strong diffusion limit (that is it assumes an isotropic pitch angle distribution) 
and represents an application of the fomiliar idea of ambipolar di^sion (first appUed 
to the Jovian magnetosphere by loannidis and Brice, 1971, and extended by Mendis 
and Axford, 1974). For the maximum planetary and interstellar plasmaspheres, 
the inner boundary to the cross-L diffusion domain is the outer edge of the rings, 
which is assumed to absorb and neutralize fully the inward di£hising flux. For the 
ambipolar plasmasphere, the inner boundaiy to the cross-L dif&ision domain is 
marked simply by the transition to the ambipolar diffusion dominated domain. The 
cross-L diffusion coefficient, taken to be KL , with K = 2 x 10 s~^, a 

theoretically based expression successfully used to interpret Jovian data. We apply 
it here to Saturn assuming similarity to the Jovian situation (justified more fully in 
Siscoe, 1978a). The source functions for the two types of plasmaspheres can be 
specified with little uncertainty. The only loss mechanism considered other than 
flux into the loss cone, included in the ambipolar model, is recombination, which for 
the problem in hand turns out to be negligible. 

Figure 6 shows the characteristic shape of the ambipolar planetary 

plasmasphere for the giant planets (loannidis and Brice, 1971; Mendis and Axford, 

1974; Scarf, 1973; Siscoe, 1978 a, b). The ambipolar- diffusion and cross-L diffusion 

-3 

domains interface near L = 7, where a maximum density of roughly 20 cm is 

achieved. The density decreases outward because of the absorption boundary at L = 40, 

and decreases inwards because of a field aligned flux into the atmosphere. If field 

aligned fluxes are prohibited, we arrive at the maximum planetary plasmasphere 

shown in Figure 7. In this case the density continues to increase inward, reaching 
-3 

roughly 500 cm at L 3 before dropping to zero at the contact with the rings. 
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Figurr 7 . Th< planetary plawiasphere that result} from mmplete irappiny of the umosphertc flux coupled u 'h 

croSf-L diffusion. The interstellar plasmasphere hated o.i a local interstellar hydrogen density of 0. 1 cm'^ is 
also ,h7wn. 
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The back-to-back arrows mark the division between outward and inward 

difiusing fluxes. In this model, all of the photoeiectron-{dus-ion flux leaving the 

ionosphere between the latibutes corresponding to L = 2. 3 (49°) and L = 3 (55°) diffnses 

into and is absorbed by liie outer edge of the rings. This amounts to a maximum total 
26 “1 

flux of about 5 x iQ s~ for the planetary plasma sphere. The maxi-num energy of 
the inward difiusing ions at the ring contact is 11 M. (eV) where is the atomic mass 
of the urn in AMU. Most ions will arrive with lesser energy. 

The calculated density for the interstellar plasma^>here is also stmwn in 
Figure 7. The actual piasmasphere resulting from this source will depend on the 
location of Saturn in its orbit relative to the as 3 rmmetric distribution of the inter- 
stellar neutral hydrogen around the solar system (Johnson, 1972). The profile shown 

corresponds to the maximum density encountered by Saturn, and assumes that the 

-3 

interstellar density, unaffected by the sun, is 0. 1 cm « The piasmasphere density 

reaches a maximum of roughly 2 cm at L» 3. Since the plasma density is linearly 

proportfonal to the interstellar density' at Saturn n^^. we can say more generally that 

the maximum density is about 20 n^^. Between L = 3 and 5 or 6, the density of the 

interstellar piasmasphere illustrated here exceeds that of the ambipolar piasmasphere. 

The inward difiusing flux that results from ionization of the interstellar neutral 

hydrogen bet^veen L - 2. 3, the edge of the rings, and L = 15, the edge of the inward 

24 -1 

diffosion domain, is 2 x 10 s based on pbotoionization alone. Tl» maximum 

energy of the panicles comprising that flux at L = 2. 3 is 36 keV. The flux at L = 2. 3 

23 -1 

for the illustrated case is 2 x 10 s , but we note that during encounters of the solar 
system with high density interstellar clouds, tliat flux can be greater by several 
orders of magnitude. 


THE SATELLITE PLASMASPHERE 

Wc come now to the piasmasphere derived from ionization of the neutral 
particle torus of Titan. Our purpose here is to determine the density, flux, and 
energy of such a piasmasphere assuming that Titan lies whol’y in the corotation, 
cross-L diffusion dominated portion of the magnetosidiere. The groxmds for this 
assumi^ion have been presented, but we must admit that the uncertainties of the 
matter are large enough that the applicability of the results bated on the assumption 
are somewhat speculative. 
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We assume that tbs efifective radius of the Titan torus is about 1 S (Fa^ 

o 

et dL, 1976). and that the tilt angle between the dipole and rotatiunal axes of Saturn 
is 10**. The satellite Ion disc that tlmn results from cxoss-L daffiishm can be cal- 
culated (Siscoe. 1977) and it is shown in magnstic-toeridlan pstofile in Figure 8. 

The Titan-derived piasmasphere will under tl» stated coiditlons be confined to lie 
essentially within the indicated profile. exce{A for violations of the first and second 
invariants by coulomb and wave scattering that occur during the dlfhision process. 
Pitch angle scattering, which we igimre in the present treatment, will extend the 
boarders of the {dasma disc to higher latitudes. 

Consider first tiie {dasma <fensity at Titan's orbit, n^ We assume the jdasma 
to be derived fraai fdiotoionization of the neufral hydrogen torus. The total ion pro- 
duction rate. is then where N is the total number of hydrogen atoms In the 

torus and die photoionizatiDD lifetime (—2 x Iw^ s). The total ^nsity N is related 
to the total neutral particle flux, F^ vdiich includes both and H (H 2 is assumed 
then to be dissociated in die ring) by 




( 2 ) 


where is the charge exchai^ lifetime (= c^j^, with ■= QR^Uj, and 

cm^ the charge exchange cross section). Thus we find 




= 


NT 


T 1 + 


7Uj. 


(3) 


Now and n^ are also related by the solution to the difhision equation, 
namely by 


"t ” 



(4) 
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where ^ is the 10* magnetic tilt angle. is the dtstaace to the eater hbsorptioo bound- 
aiy and is taken to be 90 R . L_ = 90 R„, and L & 9.3 R are the distances to the ozlitt 
of Titan and the outer edge of the rings respecthrely. EquBUons (S> and gbre a qpad- 
ratic eqaation for n^ in terme of and other Hiovn or assumed quantities. The 
aointtonis 



There is however an upper limit on n.^ imposed by ttie constraint that the coro- 
tattonal kinetic energy density should not exceed the magnetic energy dmisity, Oe so- 
called Alfvenic limit (Bficfa^ and Stnrrodc. 197^. This gives 

2 

n^ < 1.7 (ganssi (61 


Figure 9 shows n_ as a fioiction of F^_. assuming a 1 gauss soxCace field. We 

see that for F^ ^10 s , density is Alfven limited at the value of 1. 7 cm . 

Since fluxes larger than this are expected (e.g., Honten, 1973a, I 9 the denst^ at Titan 

for this case is in effect clamped at 1. 7 cm~^, and this fiaga the interior solution. 

Figure 10 shows the same effect for other surfoce field strengths. A 9 gauss 

28 -1 

surface field becomes Alfven limited at a flux (rf 10 s and a 3 gauss field at a flux 
of about 4 X 10^® s”^. 

l^urameters for the Titan-derived plasma sphere normalized to the values at 

Titan's orbit are shown in Figure 11. The density peaks near L = 3 at a value —200 

The energy of all the particles at the inner boundary is adxMt ISO keV. The particle 

3 

intensiQr at the peak is close to S x 10 that at Titan. In the case of a 1 gauss surface 

—3 11 —2 —1 

field, the peak density is 340 cm and toe peak intensity is 2 x 10 cm s at an 

energy per particle greater than 100 keV. 

Tbe beta of the plasma, the ratio of thermal to magnetic energy density, is 


greater than 1 between L = 3. 4 to L s 20. The high P condttioo which results fiom the 
fact tlmt the dmisity is Alfven limited at toe source, alerts us to the possibility that the 
Titan-derived plasmasphere can have major effects on the magnetoaphere. To make a 
quantitative evaluation of one such effect, we calculate the magnetic mommit of toe rii% 
current associated with the plasmasitoere, which turns out to be givmi approximately fay 
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( 7 ) 


1 

where is the thickness of the disc at L.^ and is the Saturnian maeiMAic nMunent. 

If we continue to assume by analogy with the tiU angles for Biercury, Earth and Jupiter 
that $ 10*, then Mr =» 2 M^. 

Now since the density at Titan is Alfven limited, or so it seems, the field at 
Titan now d^ermined fay the sum of and will be larger, which corresponds to 
a higher density limit, by equation (6), which in turn leads to a faJgber value for 
When this feedback mechanism is considered explicitly, we find that if the proportion' 
ality fector in equation (7) is greater than about 1/2, the solution is unstable. That is. 
each increases in Bf^ brings in more particles which then pxxxhKW an even greater 
iimrease in B^. The result is that the magnetosphere either reacims a non-linear 
saturaticH), or fee increase in reaches a point where fee density at Titan is no longer 
Alfven limited. As shown in Figure 12. which gives the d^>endence of n.j, (m (or 
in fee present application on Bf ^ BI^) for given and fixed values of <mce fee 
field rises to the point where n^ leaves the Alfven limit curves, fiirfeer increases in 
the field produce only small ixKreases in n.^,. 

In coimlusion if Titan lies in the corotaticm, cross-L difiusicm dominated porficm 
of the magnetosplmre, it should cause the magnetosphere to become grossly inflated by 
the productfon of a massive, self-limiting plasmasphere. In effect in this model Titan 
blows up the Saturnian magnetosphere in a way that is unique in the solar i^stem. 


CONSEQUENCES FOR SATURN'S RINGS 

Cheng and Lanzerotti (1978) have drawn attention to possibly interesting mag- 
netospberic consequences for Saturn's rings. ThQr invoke recently measured ice sput- 
tering rates (Brown et al., 1978) and energetic particle intensities scaled from Jupiter 
to infer a net rate of erosion of the outer edge of the rings of 10 cm year” . We 
note here that the ion flax from Titan can considerably increase this rate. 

The inward flux from Titan in the Alfeenic limit is 1. 2 x 10 (®eS^ ’ 

where is the effective equatorial surface field which takes into account the mag- 
netic moment of the plasmasphere. In li^t of the previous discussion, a flux range 
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of 10^ to 10 8~ mi ght reasonably be ei^>ected to result firom a billy magnetospber- 

ically engaged. Titan-derived plasmasphere. At a particle energy of 150 keV, a sput- 

24 

tering e£Eiciem;y of 0. 5 is given, and thus a molecular erosion rate of 5 x 10 to 
5 X 10^^ s**^ is here inferred to result from the absorption of the inward diffusing 
Titan-ion flux by the outer edge of the ring. If we assume a molecular density equiva- 
lent to a uniform disc of water ice with a thickness of 10 cm, we find an erosion rate 

-3 —2 -1 

between 5 x 10 to 5 x lo cm yr . 
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DISCUSSION 


O. CRUIKSHANK: The idea of sputtering from the edge of the rings is interest- 
ing. I wonder if you mi|^ not be sputtering water off the inner satellites and depositing 
it on the rings ? 

G. SISCOE: Yes, that's one of the calculations that should also be done. The 
satellites are going to be absorbing this inward flux just as the rings are. Current 
estimates suggest that the satellites will not absorb a s^nificant fraction of the flux, 
that the rings are still going to get most of it. But from the point of view of the satel- 
lites, they're still absorbing their fall complement. I would guess an absori^on rate of 
{^ibaps 10 molecules per square centimeter per second. 

S. CHANG: If Titan is inside Saturn's magnetoS[bere, what would be the flux of 
the particles into the atmosphere of Titan? 

G. SISCOE; That would be just the product of the density (1. 7 particles per 
cm^) and the velocity (200 km s~^. 

B. SMITH: If the E Ring actually exists and extends out perhaps as far as 

20 Saturnian radii, essentially out to the orbit of Titan, then it represents an important 

absori^ion surface. If the particles are oscillating back and forth across the ring 

plane with a period of a few seconds, and the E Ring has an optical thickness of the 
—6 

order 10~ , then there's a depletion time constant of the order of months. The question 
is: Does the inward diffosion swamp that or will there be an appreciable effect on the 
distribution of particles ? 

G. SISCOE: It's comparable. If the actual time scale for depletion is of the 
order of months, foere mi^t be a significant effect. 

B. SMITH: In that case, measurement of the particle flux as a function of the 
distance from Saturn would present an excellent way of mapping out this medium which 
is too thin to be seen optically. 

E. STONE: What is the possibility that if Titan is such a pre ? producer of 
plasma, then the magnetic Held just cannot retain the plasma at all, and one has 
essentially a wind blowing? 

G. SISCOE: That is a necessary consequence of the model I just presented. 

26 

There would be a Titan wind of more than 10 particles per second going out. You 
need a band with a thickness of about a thousand kilometers to carry that wind. It's 
not a big featime. 
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J. WARWICK: Do you have any comments on possible effects at Saturn ana- 
logous to those due to lo's interaction with Jupiter's magnetosphere, either from the 
rings or interior satellites or Titan? 

G. SISCOE: The potential difference across Titan is about 10 kilovolts, which 
is probably not enough. The potential difference across the Earth's ionosphere is 
about 50 kilovolts and that does all kinds of interesting things. So my guess is that 
there probably is an electro^ynamic coupling having some small effects, but nothing 
comparable to lo. 

D. HUNTEN: All this work assumed that everything that gets emitted from 
Titan is quickly icmized, isn't that right ? 

G. SISCOE: R assumes that the mechanism of particle loss is through ioniza- 
tion. A neutral density will build up to the point where the ionization rate balances the 
loss rate. The amount of neutral hydrogen in the torus should build up to something 
like 10^® particles. 
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ABSTRACT 

This paper provides a brief review of the objectives and capabilities of the 
Voyager Mission at Saturn. In addition to a brief description of the eleven 
Voyager Investigations and the Saturn encounter geometry, the scientific 
capabilities are discussed in the areas of Atmospheric, Satellite, Magne- 
tospheric, and Ring studies. 


INTRODUCTION 

In 1977 two Voyager spacecraft were launched toward encounters with Jupiter, 
Saturn, and possibly Uranus. In this paper the eleven scientific investigations and the 
encounter geometry at Saturn will first be briefly reviewed, followed by a discussion 
of the planned studies of the Saturnian system. This discussion, which will be 
organized into the four broad categories of Atmospheres, Satellites, Magnetosphere, 
and Rings, will necessarily be preliminary, since design of the sequence of observa- 
tions will not begin until 1979. More detailed information on the mission and each of 
the eleven investigations is available in two special' issues of Space Science Reviews 
(Stone, 1977). 


•Voyager Project Scientist 


285 



INVESTIGA^nONS 


The eleven investigations and the corresponding Principal Investigators and 
Team Leaders are listed in Table I. Although not shown, a total of -100 scientific 
investigators from 38 institutions are involved in the Voyager mission. A brief sum- 
mary of the nominal characteristics of the instruments is contained in Table 2, while 
Figure 1 illustrates their location on the Voyager spacecraft. The four boresighted 
remote sensing instruments (ISS, IRIS, PPS, and UVS) share the scan platform which 
has two axes of articulation for nearly complete angular coverage. 


ENCOUNTER CHARACTERISTICS 

The heliocentric trajectories of the Voyager spacecraft are illustrated in Fig- 
ure 2, and details of the Saturn encounters are summarized in Table 3. 


Table 1. Voyager Science Investigations 


Investigation Area Principal Investigator /Institution 


Imagii^ Science (ISS) 

bifrared Spectroscopy and Radiometry (IRIS) 
Photopolarimetry (PPS) 

Ultraviolet Spectroscopy (UVS) 

Radio Science (RSS) 

Magnetic Fields (MAG) 

Plasma (PIS) 

Plasma Wave (PWS) 

Planetary Radio Astronomy (PRA) 

Low Energy Charged Paiticles (LEC P) 
Cosmic Rays (CRS) 


Smith/Univ. Arizona (Team Leader) 
Hanel/GSFC 
Lillie/Univ. Colorado 
Broadf oot/K PNO 

Eshleman/Stanford Univ. (Team Leader) 

Ness/GSFC 

Bridge/MIT 

Scarf/TRW 

Warwick/Univ. Colorado 

Krimigis/JHU/APL 

Vogt/Caltech 
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Table 2. In8tnim«at ClmracteristiCF 


iDvestigatioii 

Nomioal Characteristics 


Two Se-Svidicoii cameras (F=1500mm and f=200mm):» 
Narrow angle camera: 19 lAradAine pair. 2900 > 6400 A 

nos 

Michelson interferometer (3. 3 • 50 pm) and radiometer 
(0. 33 *■ 2 pm); 51 cm tel^cqoe; 0. 25* FOV 

PPS 

o 

Photomultiidier witib 15 cm telescope; 2350 - 7500 A; 
3, 5®, 1", 1 ^4®, 1/16®, FO¥; 3 linear pcdarisers 

UVS 

o o 

Grating spe‘'tromcder; 500 - 1700 A with 10 A rraolu- 
tion; airglow (1® x 0. 1® FOV) mid occultati<« 

(l“x 0.3“ FOV) 

RSS 

S-Bai»l (2. 3 GHz) and X-lmnd (B. 4 GHz); Ultra Stable 
OscillatOT (<4 X 10~12 short term drift) 

BIAG 

Two low field (<10~^ - 0. 5 G) and two hi|^ fi^d 
(5 X 10~^ - 20 G) magnetometers; 13 m boom; 
0- 16.7 Hz 

PIS 

Earth-pointing sensor (13 eV - 6 keV icais) and lateral 
saisor (in sV - 6 keV ions, 4 eV - 6 keV electrons) 

PWS 

Sixtemi channels (10 Hz - 56. 2 kHz); waveform 
analyzer (150 Hz - 10 kf&); share FRA antennas 

PRA 

Stqppii^ receiver (1. 2 kHz and 20. 4 kHz - 40. 5 MHz); 
right and left circular p(darizati(m; orfliogmial 
10 m m<xu^le antmmas 

LBCP 

Two solid state detector systems on rotating platform; 
13 keV - 10 MeV electroim; 10 keV/raic - 150 Mev/nuc 
ions 

CRS 

Multiple solid state detector tel^copes; 3 - 110 MeV 
electnms; ~1 - 500 MeV/noc nuclei; 3-^mensional 
' anisotropies 


Figmt I. A draunng the Vayagtr spMt- 
craft ihBumg the hcatiem tf the §dtmt hatrm- 
mtnti. The RaJm Vcimf IxvtaigatHm mm tbt 
Jmal-fmpitmcy iFacKrmft tnuumuttm, am 
Ultra Stable Otcillator, atul the 12' parabolk 
antemta. 


PIASMA 



ptMETAirr moK) 
AS1RONOMV AND 
PIASKMOAVE 


DIM 
HMDiNG 


UV 

SKCmWCIER 


IR SFrCTSOWIER; 
RADKWE1ER 

PHOIOPOUUtlICnR 


OTICJU. 

CM.I8MTI0N 

TARGET 
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The trajectory of the first-arriving spacecraft at Saturn is labeled JST 
(Jupiter-Satmm-Titan) because the trajectory includes a close ^counter with Titan. 
Since the seccmd arriving spacecraft can be targeted to either the Uranus aim point at 
Saturn or to a close Titan flyby, the trajectory is referred to as JSX. Figure 2 illus- 
trates both the Uranus option (X=U) and the Titan cation (X=TB). 

The targeting of JSX will affect the nature of the investigations possible at 
Saturn. A.-, shown in Table 3, for example, the JSX(X=T^ trajector}’ does not have an 


Table 3. Saturn Encounters 


1 

1 

JST 

JSX(X=U) 

JSXPC=T) 

Date, Closest Approach 
Radius, Closest Ai^roach 


11/12/80 
3. 0 Rg j 

8/26/81 

2.7Rg 

8/27/81 
3.4 Rg 

Radius, Ring Plane 
Crossing 


19. 6 Rs 
6.2Rs 

2.9Rs 

i l9.6Rs 
5.7 Rs 

3 

Distance (10 km). 
Earth Occultation 

1 Saturn 
1 Bings 
j Titan 

230 

-250 

29 

156 

218 

-200 

23 

Distance (10^ km), 
Sim Occultation 

1 Saturn 
) Rings (A,B) 
{ Titan 

235 

-300 

24 

158 

219 

-190 

25 


occultation of the sun and Earth by either the Rings or Titan, Thus, the Uranus option 
will be selected only if JST accomplishes the major scientific objectives at Saturn, 
Titan, and the Rings, and only if the Voyager 2 spacecraft appears healthy enough to 
be sent on an additional 4-year mission to Uranus. The geometries of the JST and 
JSX^X=U) flybys is illustrated in Figures 3 and 4. 


ATMOSPHERIC STLT5IES 

There are several interrelated aspects of the Saturnian and Titanian atmo- 
spheres which will be studied by Voyager, including dynamics, structure, and composi- 
tion. Some of the general characteristics of these studies will be discussed below, 
with subsequent papers by B. A. Smith, R. A. Hanel, and G. L. Tyler providir,g more 
specific details for the Imaging, Infrared, and Radio Science investigations. 
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Figurt 2. Hdioanlric vitwt of iht Voyager trajtctorm. 
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Ftgmn J. A run r« M* Sufirnn eift utzmI fUm *f tbt _/>* tvjam*tr tm 

SMuuier 12. 19SO. The iMdUa p*utnn opt thnem ^ usdlitt dmat ^ffnpKh. 



Figtft 4. A rieu- mrma/ /• the Satamun equatpried plant tf tbt JSX( X~Vt tn- 
eonnter on Angast 27. 1981 . Tie jattllite poutnnt an Umtn at :attllitt dasat 



Since flie study of atmospheric dynamics requires observatioim over an extended 
period of timCt one of the key factors is die observiiig time availaUe at a specified 
^atial rescdufion. Figure 5 illustrates die oLservii^ dme as a funcdon of resohidon 
at Satuni for die narroar an|^ (NA) camera and the 1/4* field-of-viear (FOV) of ISIS 
and PFS. Since even a very good resohitian of 1” firom the ground corresponds to 
•oTOOO km at Saturn, die Imaging System will have significantly better resolution than 
ground>based telescopes throughout the 80 days f^2000 hr) prior to encounter, and 
diere will be 30 hours during which IRB and PFS will have resolution better than 
~-7000 km. 

Ladtnde coverage is also impintant to a study of the atmosphere on a ^obal 
scale. In fact, in a previous paper Tokunaga reported evidence that the temperature 
inversion is hotter in the Soudi polar region than at the equator. As shown in Figure 6, 
^ spacecraft latitude of the two Voyager flylqrs ranges from approKimaleiy -40* to 
-*-30^, providing us^ul coverage of hi^ier latitudes in bodi hemispheres. 

Studies a€ atmospheric structure retiuire detailed observations of the pressure- 
temperature profile. The expected capability of die Voyager investigations is shown 
in Figure ? which has been adapted from die Voyager Atmospheres Working (^txip 
Report. The figure indicates both the pressure range over which a given technique is 
expected to be us^l and die expected scale height resolution of die measurement. 

The RSS measurement employs the dual-firequency radio occultation, while the IRIS 
measurem^t uses the pressure-broadened H 2 band at 250 to 500 cm~^ and the CH^ 
band at 1306 cm~^ as temperature sounders. The UVS measurement in the upper 
atmosphere is a solar occultation measurement which should provide an altitude pro- 
file for Hg, CH^, CgHg, and absorption. Stellar occultadons and terminator 
scans with PFS will also contribute to the determination of die pressure-temperature 
profile. 

The same techniques will be applied in the stucK' of Titan's atmosphere. Bodi 
R. A. Hanel and G. L. Tyler will report in subsequent papers on recent analyses of the 
expected capability at Titan. 


SATELUTE STUDIES 

A characterization of the surfaces of the satellites will be accomplished ^^ith a 
combination of high-resolution imaging, infrared spectral studies, and polarimetric 


291 



PRESSURE, *tir SATURN LATITUDE, c>#j _ RESOLUTION, km 
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studies over a wide range at iriiase angles. The closest approach distances to the 
various satellites are indicated in Table 4 for all three possible trajectories. 

Imaging res<dution of tiie satellites SI through SVI will be significantly better 
than ttae 5 km/line pair ies<dution which is characteristic of the well-known mosaics of 
ttie half-lit disk of Mercury obtained by Mariner 10. 

The densities of the satellites is also an importajit characteristic which will be 
studied by combining mass determinati<ms firom precise radio-navigatioii techniques 
witii size d e t e rminatioaa &om the Imaging System. Figure S, which is adapted from 
Eehleman et sf. (1977), illustrates the expected capability. The uncertainty in the mass 
estimates is indicated by the labels on die diagonal solid lines, whll.-i the uncertainty 
in the volume estimates are indicated by the dashed lines. For this estimate, it has 
bemi assumed diat die best estimate of the volume is uncertain to 0. 4%, corresponding 
to a 1 pixel uncertainly in the diameter of a satellite image which fills the narrow-an^e 
camera field-of-view. Thus, the mass <rf Titan (56) will be determined to ^ 0. 02^, but 


Table 4. Satellite Encounters 


Satellite 


Closest Approach* 

(103 Iot) 

JST JSX(X=U) JSX(X=TB) 


SI 

Mimas 

89 

315 

116 

sn 

Enceladus 

200 

86 

102 

sm 

Tethys 

416 

92 

150 

SIV 

Dione 

163 

503 

91 

sv 

Rhea 

74 

648 

199 

SVI 

Titan 

7 

667 

15 

svn 

Hyperion 

884 

480 

869 

svm 

lapetus 

2400 

918 

1000 

SIX 

Phoebe * 

13500 


7500 


♦Narrow angle camera resolution is 2 km/line pair at 100000 km. 
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MASS anal- II 


FiganS. TieFBnatenorimmatfaadmbammiafimamif/fytj 
Jitumx Md tskUkt wmi. Tbt diaf^l telid ima mt Iskkd wkc 
d)emauamartaimtiBfmraPjtymbcitjtf20limltK. whdtibtJaAti 
lam iaSutt the telmm amertmaty aterrifmiliitg te 1 fhaJ m At 
mamm- ernglc cemerit. Ail<iffnf fnm EMemea « al., ( 1977). 


flie doisily will be uncertain to^O.4%. For all other satellites, tbe d«isity uncertainty 
will be ikaninated Iqr ^ mass uncertainty which ranges firom —3% to 15% for Rlma 
(55), Di<nie (54), lapetus ^3), ami Tethys (S3), and is >50% for all the others. 

The interacti(m of the satellites wiQi the magimtospliere is also an important 
abjective which will be best studied during die close Titan flyby (7000 km) illustrated in 
Figure 9. The close flyt^ not <»ly improves the detectability of any magimtic field at 
Titan, but also maximizes the probability fiiat the spacecraft will intercut any mag- 
neto^heric walm, whefiier due to the corotation of the ms^netosiriimre or (hie to a radial 
outstreaming planetary wiml). 



Figure 9. A i teu.- aarwtuJ It Tilaa'i orhtuij plant ef the Voyager 
OKemater. The JST tmeuaur wUl be at 7000 ha, white tbe JSX 
(X~TBi a aeweiaaUy at liOOO ha. 


orjginm: page 
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MAGNET06PHERIC STUDIES 


In a(kUti(xi to studying the interaction at Titan, Voyager will perform detailed 
measurements of the Saturnian magnetosphere, the evidence for which has been dis- 
cussed by J. W. Warwick in a preceding paper. Tim spatial coverage of a ptmsible 
magnetosphere is illustrated in Figure 10 which has been adapted from Scarf and 
Garnett (1977). As indicated in tlm figure, the local times of the exit legs oi JST and 
JSX(X=U) are quite different. Although not indicated, the latitudes of tiie exit legs are 
also quite different, with JST exiting at ai^rmdmately +20° and J5X(X=U) at -30° (see 
Figure 6). Thus, JST and JSX(X=U) provide impor^nt complementary coverage ot the 
magnetosphere. 

The Voyager investigations provide broad coverage of the particle and wave 
phenomena expected at Saturn. Figures 11 and 12 from flie Vc^ager Magnetospheres 
Working Group Report summarize the coverage. Note that the PRA fretpiency range 
includes Urn 300 kHz to 1 MHz interval in vdiich Saturn signals have been detected by 
Brown (1975) and the PWS range includes the electron and icm plasmic and cyclotron 
frequencies e^mcted at Saturn (Scarf and Gumett, 1977). 


JSX 



Figiift 10. A lieu- narmal to Saturn' t tqaattnai plane ef the Voyager 
trajeilorm through a pussitle magnetosphere. Adapted from Searf and 
Gumett 
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Figure 1 1 . The imUmity and energy nierage 9 / elettrons and tarn by the 
Voyager imlmmenls. The data points indicate the intensities observed by 
Ptnneer 10 at Jupiter. This figure is from the Voyager Magnetospheres 
Working Group Report. 





10 * »■* loP 1C? id* vf 


FREQUENCY. Hz 

Figure 12. The frequency and tmensily coterage of nates by the Voyager 

mstrurunts. Adapted from the Voyager Magnetospheres Working Group 
Report. 
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RING STUDIES 


The study of Saturn's Rings is also a primarj' Voyager objective which will be 
studied by several of the investigations. The Radio Science Team will use the attenua> 
tion and scattering of the dual-frequency radio to study particle size distribution and 
total amount of material in the ring as a function of radial distance from the planet. 

The JST trajectory was chosen so that the flyby geometry optimizes the high radial 
resolution which is possible with Doppler techniques as will be described by G. L. Tyler 
in a subsequent paper. Figure 13 illustrates the flybys as seen &om Earth. Note that 
a radio occultation of the Rings occurs only on the outboimd leg of JST. 

Although the JSX(X=U) trajectory does not provide a ring occultation, it does 
provide a good viewing geometry for the scan platform instruments. IRIS will be usee 
to study the eclipse cooling of the ring particles and to look for long wavelei^th cutoffs 
in the emitted radiation, while the PPS will view scattered light from the Rings at 
various phase angles and will observe stellar occultations by the Rings. Of course, 
the Imaging System will directly view the Rings to search for large objects ( km) 
and to search for structure which may be related to Ring dynamics. 

The estimated volume density sensitivity of the various observations is illus- 
trated in Figure 14 which has been adapted from the Voyager Saturn's Rings Working 
Group Report. Assuming the upper limit to the E-Ring optical depth discussed by 
B. A. Smith in a preceding paper, the E-Ring will be ~ 3 orders of magnitude below the 
PPS sensitivity if it is composed of mm-sized particles, but may just be detectable in 
the less likely event that the particles are micron-sized. 


CONCLUSION 

This is necessarily a rather brief overview of the Voyager capabilities for the 
study of the Saturnian system. Detailed planning of the observational strategies will 
begin a year from now, so that experience with the «KT encounter at Jupiter can be 
folded into the plans for the Saturn encounter. In addition, results from the Pioneer 11 
encounter with Saturn in September 1979 may significantly affect the Voyager observa- 
tional strategy. Thus, the detailed scientific objectives of the Voyager Mission will 
continue to evolve within the general capability described in this paper. 
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ABSTRACT 

The Science Experiment obieccives at Saturn inciuJe 

expbMutmy rectmnaissance of Sanim, it^ sateliites and its rings. The 
im^i^ cameras are descrd>ed, along widi an d>bfeviated discussion 
specific obiectives. 


At the time of the NASA/JPL Saturn's Ring Workshop in 1973, I presented a 
^crfption of the Mariner Jupiter/Satum imaging experiment. Sgnificant changes 
have taken place since that time: the Imagii^ Science Subsystem has evolved into one 
much better suited to meet the scientific objectives of the investigation, and the pro- 
ject has changed its name. Recently, the Voyager Imaging Science Team published a 
moderately detailed description of both the instrument and the scientific investigation 
(Smith efoi:, 1977). 

Figure 1 is a schematic representation of the medium resolution and hi^ reso- 
lution cameras being flown on the two Voyager spacecraft For reasons of historical 
significance <mly, these cameras are referred to as the "wide angle" and "narrow 
angle" cameras, respectively. The focal length of the wide angle camera is 200 mm, 
and the narrow ang^e camera is 1500 mm. Each camera employs a seleiuuin-sulfur, 
slow-scan vidicon which provides an 800 x 800 array of 14-pm pixels, each digitized 
to 8 bits (250 levels of gray). The fields of viev 3?2 and OM. Additional camera 
characteristics are shown in Table 1. 
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Fiptn 1. Imaging Ej^trimau - Schematic Rcfmertetion ^ the “Wick angk" and “ncarvw angk" Cameras far 
Voyager 
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Table 1« bnaging Science ^ibsystem Characteristics 


Characteristic Narrow ai^e camera Wide angle camera 


Focal length 

1499. 125 mm‘ 

201.568 mm^ 

Focal number 

F/8.S* 

F/3.5® 

Field-of-view 

7.5 7.5mrad 

55. 6 55. 6 mrml 

T/Number^ 

T/11.83* 

T/4. 17® 

Nominal Shutter operation 

0.05 to 15.36 sec 

O.M)5 to 15.36 sec 

Active Vidicon Raster 

11.14 11.14 mm 

11.14 11.14 mm 

Scan lines per frame 

800 

800 

Picture elements per line 

800 

800 

Pixels per brame 

640 000 

640 000 

Bits per pixel 

8 

8 

Bits per frame 

5 120 000 

5 120 0(W 

Nominal frame times 

48 to 480 sec 

48 to 480 sec 

Video baseband 

7.2 kHz 

7.2 kHz 

Video sampling brequency 

14.4 kHz 

14.4 kHz 

Angle sulAended by scan line 

9.25 rad 

69.4 rad 

Nyquist Frequency 

32 line pairs/mm 

32 line pairs/'mm 

Resolution 10% Modulation at 

36 line pairs/mm 

36 line pairs/mm 

^Actual data from prototype camera systems. 


^T/Number - An effective F/number which includes obscuration and transmission 
losses. 
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Each camera has eig^ filters a^ch coaer a r^yectral range from 425 to 600 nm 
in tte wide angle camera, and from S45 to 590 nm in the narrow angle camera. In 
addition, the wide angle camera has three narrow-band filters centered <m the methane 
absoiption bands at 541 and 619 nm, and on the sodium O2 liim at 589 nm. 

Observational sequences for Saturn have not yet been developed, and there 
remains unanswered s<»ne crucial questions relating both to telemetiy performance 
and to on-board, data-storage managemmit throughout the Saturn encounter. Hum, it 
is not presmitly possiUe to discuss observational objectives and the sequences nec^- 
sary to achieve them with the same degree of detail that I could now give for Jupiter. 
However, it is clear that telemetry rates will be lower at Saturn than at Jupiter and 
that inter-experiment seqimncing conflicts will be much more serious, hi other words, 
lower telemetry rates mean less informaticm, no matter bow clever we becmne in 
developing our observational sequences. 

Arrival times at Saturn are 13 November 1980 for Voyager 1 and 27 August 
1931 for Voyager 2. hi the baseline plan we will begin imaging in the "observatory" 
plmse 80 days before each encounter; that is, late August 1980 aiui eaily June 1981, 
respectively. At that time we will be a little less than 100 million km fr<nn Saturn ami 
the lesoluthm of our narrow angle cameras will be approximately 2000 km per line 
pair. This is about twice as good as the very best fdiotographs taken from the Earth. 
Throughout the observatory phase resolution tends to increase linearly with time, 
reaching 2 to 3 km/lp on the disk of Saturn at the time of encounter. The best resolu- 
tion on the rings may be a little higher still, but will eventually be limited by image 
smear caused by dm motion of the spacecraft. 

Scientific investigations of the satellites of Saturn will include distant imaging 
of the entire satellite system and near-encounter high resolution imagii^ of several 
satellites. At least some near-encounter imaging will be obtained over sub- 
hemispheric areas on all of the inner satellites: 3 km or better on Mimas, Enceladus, 
Tethys, Rhea, Dione, and Titan with 1 km or better on Mimas, Rhea, and Titan. 
Ifypericm and lapetus will be seen with resolutions of 10 to 20 km. The total attainable 
coverage of the surfaces of these satellites will be determined by actual data rates, 
sequencing conflicts and, to some extent, by image smear. 
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TLe following are amoi% the scientific objectives to be pursued bgr the satellite 
subgroup within the Imagii^ Scirace Team: 

Sfoe and Stepe: The sizes and shapes of most the satellites will be deter- 
mined with uncertainties between 0. 1 and 1.0 percent. 

Global Rigb-Resolutian Mapping: Betwemi 20 and 409^ of the illuminated 
hemisplieres will be photographed in several ccdors. In smne cases, the two space- 
craft trajectories will provide balanced polar and equatorial coverage. These high- 
resolution observations will be used to examine the fine-scale details of major physio- 
graphic provinces and foe nature of the transititm regiow. 

Polar Volatiles: The polar regions will be explored for deposits and structures 
related to the past histories of these surfaces, including studies of the morphologies 
and interrelations of possible ice-related features. With equatorial-noon ami polar 
temperatures ranging from ~100 K to ~30 K, staUe ices should inch^ water, certain 
sulfides, ammonia, and ammonium Iqrdrates (Lebofaky, 1975). The polar regions, 
being at all times colder than other areas, may have acted as sinks for volatile mate- 
rials originating elsev^ere. These regions are, therefore, of special interest. 

Titan: There is a lack of consensus in our understandii^ of Titan, and care- 
fully plani^ spacecraft measurements are required if we hope to resolve these issues. 
The diameter and figure are the first priority. The next step is to establish whether 
this observation refers to the surface, or to a haze in a dense, molecular atmosphere, 
or to a uniform cloud layer. This might be accomplished by imaging observatimis in 
several colors. The suggesticms that Titan may possess ciouds, aeit»ols or even 
dust layers requires that it possesses weather systems. Titan is a slovdy rotating 
planetary body with an orbital period of about 16 days, and thus, the circulation of the 
satellite atmosphere could represent an intermediate case between the toroclinic cir- 
culation t 3 ^ical of the mid latitudes of the earth and Mars and the symmetric Venus 
weather patterns. 

In addition to the study of each satellite as an individual planetary body, we 
will, of course, pursue an Intercomparison among all observed satellites in the 
Satuni system, and with those in the Jupiter system as well. 

The Voyager mission provides a unique opportunity for the study of atmospheric 
systems very different from our own. At both Jupiter and Saturn, Voyager will achieve 
higher resolution and a longer observing time base than that obtained by Pioneer; both 
resolution and time are improved by a factor of about 50. 
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Ihrou^ioat the obsenratoiy phase tiie disk of Saturn will be photographed in at 
least two colors (orange and ultraviolet) at five eqiudly spaced longitudes during each 
rotation. Approximately three weeks before planetary mmounter, the disk of Saturn 
will exceed the field of view of the narrow aigle camera and mosaicking will be nec- 
essary. Ibe extent to which ^obal coverage witii 2x2 and 3x3 mosaics can be 
maintained will depend upon data rates and tape recorder use. Eventually we will have 
to terminate fids foil disk coverage and concentrate on features of special interest 
idmitified and selected duriig the observatory phase. 

Duriig the observatory phase, (foservations in both space and time will provide 
information on the synoptic development, growth, and dissipation of atmos{dieric sys- 
tems, and will provide the first opportunity to observe the zmial velocity field at the 
cloud tops. Unlike Jupiter, Saturn as seen from the Earth presents a dearth of ncm- 
axisymmetric features necessary to measure zonal wind c<Hnponents. In fact, only 
9 such features have ever been observed, leaving unknovm the zomd velocities asso- 
ciated with most of the planet's axisymmetric structure. 

The near encounter observaticmal sequences of Saturn will be nearly identical 
to those carried out at Jupiter, in that a major objective of the Voyager mission 
involves a detailed comparison of the meteorologies of these two planetary 
atmospheres As an example, the Pioneer 11 observations of Gehrels et aL (1974) 
show that the axisymmetric structure terminates on Jupiter approximately 45” from 
the equator. The Voyager spacecraft trajectories, however, require the Jovian 
encounters to take pla<% nearly in the equatorial plane, so that it will not be possible 
to make hghest resoluticm observations of the Jovian polar regions. We do not yet 
know vfiiether this transition also occurs in the Saturn atmosphere and, if so, at what 
latitudes. Fortunately, the Voyager trajectories make it possible to observe both the 
north and south poles of Saturn (see Figui^ 2) to complete the comparison of the 
Jovian and Saturnian meteorologies. 

There are several types of observaticms of Saturn's Rings to be made with the 
wide and narrow angle cameras, which should yield information on the photometric 
properties of the particles and predicted radial drift displacements of particles within 
the rings. General profiles of the rings in reflection obtained during the observatory 
phase at nearly uniform phase angle may be used to interpret those obtained during 
encounter, when phase angle will vary greatly across the profile. 

Strip sequences of images with high resolution taken across the rings will give 
information about minor divisions. If the strip is timed and placed so as to see the 
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Fiffot 2. Typical Satan Ptie Cmtr^ 


turned-up illuminated outer edge of an irclination resonance as predicted by dynamical 
theory (Code, 1978), a usefitl chede on that theory will be obtaiied. If minor divisi^ms 
are seen, we can establish lower limits on drift displacements across the correspond- 
ing resonances. The width of a divisimi gives us the distance of drift during the age 
of the rings. Invisibility of a divisitm gives us an u{^r limit on the distance of the 
drift or implies that the collision frequencies between particles are too high to allow 
the resonance to develop. 

The existence of Ring D should be settled once and for all, and excellent 
pjrofiles of Ring C and Cassini's Division will be obtained. 
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DISCUSaON 


D. MCStRISCW: You talked about u«ather and cloutte on Titan in a way that 
made me think you expected to see cloud patterns. Doesn't the large optical depth of 
haze suggest it would be mote like lookup down on Los At^eles on a smoggy day. 
adiere you see nothing? 

B. SMITH: Yes. Although, if there are clocds above the haze, we'll see ttem. 

J. POLLACK: I don't think we have good numbers for tbe optical depth of dust 
or haze on Titan right now. From that point of view I'd be a little hesitant to say we 
won't see exciting atmospheric features mi Titan. 

J. CUZZI: From w4iat George Siscoe was saying about tbe sputtering going on 
at the outer e^es of the rings, it would be especially interesting to look at the outer 
edge of the A rii^. 

G. (XITON: Do you have any filters that are located in the methane red bands ? 

B. SMITH: Yes. The 619 nm methane absorpticm band, and tbe band at 541 nm. 
The 541 nm filter was pot on for Uranus. There is no h(^ of seeing that band on 
Saturn. 

D. MORRISON: Is there any problem with scattered light for features like the 
D Ring or the inside of the Cassini division? Are you confident that your system has 
low enoi^h scattered light levels, aiui that you will be close enough, to see into these 
regions? 

B. SMITH: Absolutely confident. 
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ABSTRACT 

The Voy^er infrared investigation uses a Michelson interferometer (IRIS) 
coverii^ the spectral range from 200 to 3000 cm~' (3.3 to 50 fim) and a 
tx>re sighted radiometer covering the range from 5000 to 25000 cm~' 
(0.4 to 2 fjun). The spectral resolution of the interferometer is 4.3 cm“‘ 
and the field of view is 0.25°. Scientific results anticipated from the in- 
vestigation of the Saturnian system are discussed; these are contrasted 
to those which were expected from the advanced interferometer (MIRIS), 
which was not qualified in time for flight. 


INTRODUCTION 

This paper summarizes what the Voyager Infrared Investigator Team expects 
to learn about the Saturnian system. The discussion addresses Saturn, its rings. 

Titan and the other smaller satellites. The format of this summary is similar to that 
of the team paper published in Space Science Review (Hanel, et al., 1977), hereafter 
called paper one. However, in contrast to paper one the present discussion ccmcen- 
trates on Saturn, and takes account of the fact that the IRIS, rather than the MIRIS 
instrument, is on board Voyager. 

An in-flight IRIS calibration is now available for the 200-2000 cm~^ range 
which shows that the instrumental performance is somewhat below expectation. The 
near infrared part of the spectrum (above 2000 cm'^) will be calibrated shortly by 
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viewing the spacecraft mounted solar di^sing target. Figure 1 (similar to Figure 9 
of pi^r (H\e) shows the actually measured noise-equivalent-radiance (NER) of the 
Voyager 1 interferometer. The response has not changed since the initial cool down 
after launch is close to that during the Anal thermal vacuum test. The NER of the 
Voyager 2 interferometer after launch was similar to that of the Voyager 1 instrument, 
but has aj^rentfy not yet stabilized. 

Also shown in Figure 1 are the NER values of the flight qualified MIRIS instiu- 
ment as measured in a thermal vacuum chamber. Unfortunately, the instrument vms 
qualified too late for the Voyager mission. Figure 2 illustrates the degree of improve- 
ment in xhe NER which can be obtained by averaging of spectra over indicated time 
intervals. Several radiometric data points obtained from the ground by Morrison et al. 
(1972) and Gillet et el. (1973) for Titan are shown for comparison. The Voyager 
scientific objectives defined in paper one are definitely affected by the substitution of 
nUS for MIRIS. Objectives based on the analysis of the spectral range between 
1000 cm”^ and about 3000 cm~^ will suffer in precision; objectives based on data from 
the 3000-7000 cm”^ range can not be accomplished at all. On the other hand the lower 
NER of IRIS compared to MIRIS between 200 and 900 cm”^ will benefit some objectives 
based on data in this spectral range; the lower spectral resolution of the IRB instru- 
ment will affect other objectives, however. The discussion below treats the individual 
scientific objectives at Saturn following the overall format of paper one. 


ATMOSPHERIC GAS COMPOSITION, ELEMENTAL ABUNDANCES 
AND ISOTOPIC RATIOS 

Hydrogen to Helium Ratio 

The hydrogen to helium ratio for Saturn will be derived primarily from the far 
infrared spectrum (200-800 cm~^). Since the derivation will be made by using a large 
number of spectra the difference in performance between instruments becomes 
insignificant. The limit in the precision of the derived hydrogen to helium ratio is 
expected to be due to uncertainties in the knowledge of gas absorption coefficients and 
aerosol properties, rather than to random instrumental errors in the spectra. Thus, 
the objective of determining the Hg/He ratios as discussed in paper one seems 
obtainable. 
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RADIANCE <WCfn'*sr‘'/Clt>* 






Figure I ihoui emitted and reflated radiance letrls schetnaticall) for indicated 
hrightneii temperatures and albedos. Measured noin-equiialent-radiance values 
( NER ) are shown for Voyager I I middle dashed line) and the far infrared ( upper 
dashed line) and near infrared (lower dashed line) channels of MIRIS. 



Figure 2 shows radiance tersus wait number similar to Fig. 1 , hut on an 
expanded scale. The NER of IRIS is shown by dashed curies for individual 
spectra (4R sec) an average of 10 (H min). WO 1 1 h 20 mtn) and a total 
of 1000 spectra ( 1} h 20 mtn). Aho illustrated art a feu ground based 
measi'retnents of Titan. 
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Metiiane 


Infomatioii on the methane mixing ratios on Saturn and Titan will be based 
primarily on tlie 1306 cm~^ methane band in conjunction with temperatures derived 
from pressure induced H2 lines. Instead of using individual MIRIS spectra an average 
over several hours of IRIS spectra will be required to obtain adequate precision. 

Since one hemisphere of Saturn fills the 0. 25° field of view of IRIS about 10 days before 
^counter, and Titan fills the field of view about one day before closest approach to 
Titan, the original objective seems to be obtainable. However, an independent 

* _i 

measurement of the mixing ratio in the upper stratosphere, based on the 3019 cm 
CH^ band, will probably not be possible. 


Ammonia 

Only the 200 to 275 cm~^ part of the rotation spectrum and the region near 

900 cm~^ will be available. The 100 to 200 cm"^ range may have been useful to see 

uncondensed NH„ in the lower atmosphere of Titan. However, the higher sensitivity 
^ -1 

of IRIS between 200 and 3u0 cm might compensate for its more restricted spectral 
range. 


Trace Constituents 

The lack of sensitivity in spectral ranges of potential atmospheric windows 
(2000, 3700 and 6200 cm~^) will hamper the search for unknown minor constituents 
severely. The availability of the 700 to 900 cm ^ range, on the other hand, may make 
a search for hydrocarbons (CgHg, CgHg) in the atmospheres of Saturn and Titan more 
productive. 


Elemental Abundances 

Without the prospect of good measurements in spectral ranges of potential 
atmospheric windows it seems probable that only the Hg/He and possibly the C/N 
ratios will be measurable with precision. 
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Isotopic Ratios 


12 1 

An observation of the D/H and C /C ratios may be possible by averaging 
all available Saturn spectra (20 days). The 2200 cm~^ CII<^D band and the 1306 cm~^ 
CH^ band may then also provide adequate data for analysis. For Titan the same task 
seems marginal. 


Clouds and Hazes 

Lack of good near IR coverage will have a strong impact on specifying the 
pai*ticle composition and size, and the distribution of clouds and aerosols. Averages 
of carefully sorted groups of spectra (rather than individual measurements) may be 
usable. However, this will only allow parametrization of large areas, such as belts 
and zones rather than of local phenomena. 


Temperature Profiles 

Atmospheric temperatures are derived from the pressure induced lines caused 
by collisions between hydrogen molecules or between hydrogen and heiium or methane 
molecules. On Titan collisions between methane molecules may also be important. 
Many of these pressure induced lines fall within the 200 cm ^ to 1000 cm ^ range 
where IRIS is sensitive. In the upper atmospheric laj'ers (up to the 5 mbar level for 
Saturn ai d up to much lowt.’ pressures for Titan) the 1306 cm"^ methane band can be 
used. Depending on the actual atmospheric temperatuies, spectra averaged over times 
ranging from 10 minutes to an hour will be required to obtain temperature profiles with 
adequate precision. In the 100 to 1000 mbar range individual spectra will be suffi- 
cient to yield a precision of 1 to 2 K with a vertical resolution of approximately one 
scale height. Thus, the task of deriving atmospheric temperatu»*es on Saturn and 
Titan seems to be possible. 
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Dynamtcs and Heat Balance 


MormaticHi on atmospheric motions is derived from the temperature field. 

For Saium, good temperature data from tl^ hydrogen lines will allow determinatimi 
of the north>soutii temperature gradient; this will then be used to derive the east-west 
wind field. 

Energy balance calculations require knowledge of both fte total reflected and 
emitted energy. The radiometer provides a measure of the first and die interferometer 
of the secoiKl component. Derived compositional and temperature data will be used 
to estrapolate over part of die thermal spectrum. In thia case MIRIS would have been 
preferable but an adequate estimate of die local and total heat balance of Saturn can be 
expected from IRIS. 

Satellites 

The absence of the near infrared si^trum will make die idmitification of sur- 
face minerals and ices much more difficult; however, some far infrared features such 
as 230 cm~^ water and the 280 cm~^ ammonia lattice modes fall within the IRIS 
range, as do features in the spectrum of silicates. 

The measurement of the surface temperature and thermal inertia of the surface 
material can be carried out even if the satellite does not fill the field of view. This 
C(Hiditi(Hi will occur more often with IRIS (0. 25“) then it vrould have with MIRIS (0. 15*). 

Ri the absence of strong spectral features a precise surface temperature can be 
established by fittii^ a Planck function to the measured spectrum. 


Saturn's Rings 

All properties of the rings dc -ived from the thermal part of the spectrum and 
its variation with emission and phase angles and time can be accomplished by IRIS, 
while tasks based on the near infrared reflectivily will be severely limited. Particle 
sizes or thermal inertia can be estimated from the cooling curves depending on the 
mean size of particles. 
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SUMMARY 


The scientific (Ajectives formulated in anticiiMition of MIRIS being on board 
Voyager have to be modified because of Ihe different parameters of the IRIS instrument. 
Tasks which depend on data in the 3000-7000 cm~^ range cannot be accomplished witii 
IRES. This will curtail but not eliminate the search for minor atmospheric constitumits. 
the characterization dT aerosols, and the surface composition of satellites and rings. 
Investigations based on data between 1000 and 3000 cm**^, will suffer in precision or 
in spatial resolution due to longer averaging times required to compensate for the 
higher NER of HUS compared to MIRIS. Finally, tasks based on the interpretation of 
the 200-1000 cm~^ range, such as temperature and hydrogen to helium measurements, 
will even gain to some degree by the lower NER of IRIS compared to MIRIS in this 
spectral r^on. 
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DISCUSSION 


J. CALDWELL: What spectral range will you use to look for the cloud 
features on Titan? If the clouds are methane ice, Fm skeptical that there will be 
feature tiiat you can identify. Certainly, die solids «riU have absorptioa features, at 
least at 8 pm and to shorter wavelengths, lait there the gas which overlies die clouds 
will probably be completely <^>aque. 

J. POLLACK: Water ice has a strcmg lattice band at about 45 pm, so he has 
some hope. 

D. MORRISON: Could you say a few words about the capability of the 
instrument as a thermal radiometer for measuring the eclipse cooling and heating 
rates oi the rings or the satellites? How low a temperature can you measure, and 
will y(Hir sequences all-7w you to observe dark side temperatures on the satellites or 
eclipse measurements of die rings? 

R. HANEL: For a black body of 55 K, tte radiometric signal to noise ratio is 
about 50 to 1. 

D. MORRISON: Do you anticifiate making measurements of ring eclipses 
or of the dark sides of the satellites? 

R. HANEL: Yes. 
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ABSTRACT 

Voyager w3l use dual-frequency 5.5 and 13 cm wavelength radio occulta- 
don techniques to study the atmospheres and ionospheres of Saturn and 
Titai:, and the rings of Saturn. At T:un radio occultation is predicted to 
probe the atmosphere to the surface. The existence of a surface could be 
confirmed by deteciion of an obliquely scattered echo. At Saturn the two 
Voyager encounters will provide occultation measurements of temperate 
and equatorial regions of rhe atmosphere and ionosfrfiere, and of the rings. 
The attno^>her« will also be probed in polar regions during the deepest 
portions of the occultation. Br<t^ frequency and intensiq* data will be 
collected and fointly analyzed to study tempertture-pressure profiles, and 
to derive information on atmospheric shape, tuH>ulence, and "weather”. 
For the rings. Voyager will provide measurements of the complex 
(amplitude and phase) radio extinction and angular scatterit^ functions of 
the ring particles as a function of wavelength, pularizatitm, and radial 
distance from Saturn. These td>servations will be used to infer the first 
several moments of che ring particle size distribution, the total amount of 
material in the rings, the radial distribution of material, and limits to 
possible particle shapws and constituents. 


The Voyager radio occultation investigations discussed here are based on the 
use of the 3.5 and the 13 cm wavelength spacecraft transmitters and ground receiving 
systems vdiich are also used for telecommunications. These studies are directed 
towards the atmos{^eres and iemospheres of Saturn and Titan, and the rii^s of Saturn. 
A number of other investigations are also planned, but will not be discussed here 
(Eshleman et ai.. 1977). 
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flftlient features of these investigatiaiis are tbe use of: a) harmonically related 
frequencies at tiie two wavelengtlis, b) considerably higher power levels than previous 
experiments, c) a new, radiation-hardened, h^faly stable spacecraft frequency standard, 
and d) improved [diase, group-delay, and amplitude stabilities in spacecraft and ground 
radio systems. The resulting experimental precisimis are givmi in Table 1. 

When a spacecraft moves behind a planet as viewed from Earth, the radio path 
traverses the planet's atmosphere and icmosphere, and for Saturn, will also probe its 
system of rings. All of these regions affect the characteristics of the received radio 
signals, making possible the study of the vertical structure of these atmosfdieric 
regions, clouds, small and large scale variaticms associated with turbulence and 
weather, and fundamental characteristics of the ring particles and their disposition 
around Saturn. The atmosphere and ionosfdiere of Titan will also be studied by such 
occultation measurements. It is also expected that a reflection from the surface of 
Titan near the limb will be obtained durii^ the occultation measurements. If this 
occurs, it will provide positive ccmffrmation that the measurements reach the surface. 


Table 1. Voyager Occultation B}q)eriments at Saturn 


Wavelength (cm) 

S/N (1 s) 

AP/P(1000 s) 

Af/f(l s) 

3.5 

6.3 X 10^ 

<10% 

2 X 10"^^ 

13 

2.5 X 10^ 

< 1% 

2 xlO"^^ 


ATMOSPHERES 

Saturn 


Flyby trajectory characteristics of the two Voyager spacecraft at Saturn provide 
a good combination of conditions for radio occultation studies of its atmospheres and 
ionospheres. Figure 1 illustrates the paths of the radio image of die spacecraft as seen 
from Eai^ for the nominal JST and JSX trajectories. Note that both equatorial and 
polar regions will be probed, and that there will be both a near-central occultation and a 
more grazii^ occultation in which the spacecraft sets or rises, as seen from the Earth 
at large angles from the local vertical at the occultii^ body. Figure 2 provides a side 
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Figmre I . Vkw from Katth of Voyager occulatioiis at Saturn — 

The sfaacr^ radio tmagp fdlow the iaJicated pathi for the JST and JSX 
trajectories at Satan. Nue that there is a near central and more grating 
occultatkms. For JST at Satan, region (a) provides a dear occultatioa ef the 
rings and(bi a cUaratmospberkoccaltataai, uihtU(c) is acoahinedringaad 
atmospheric occultatmn. 



Figure 2. Side view of Voyager occupations at Saturn — 
The trajectories are polotted in a rotating plane that instantaneously 
contains the earth, the spacecraft, and the center of the planet. The 
latituda of occultation immersions and emersions are shown, and 
regions (a), (b), and (c) of Figure I are also illustrated here. 
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view of tbe occultatioii geometry in a rotating plane that instantaneously contains the 
Earth, the spacecraft, ami the center of Saturn. The figure is illustrated to scale. 
OccultatioD distances from the planetary lind) to the spacecraft rai^ about 3 to 6 R 

s 

^tum radii). 

For a central passage of a spacecraft behind Saturn, the trajectory would dip to 
zero in ttie vertical scale of Figure 2. At occultation entry and exit, the spacecraft would 
appear from the Eardi to set and rise afqiroximately normal to die limb of the planet, 
and the atmosphere would be sampled with height along a near-vertical path. Such a 
central passage is the optimum condition for occultation measurements of the vertical 
structure of the atmosphere. The JSX (Uranus) trajectory at Saturn is near optimum in 
this regard, while the JST trajectory gives occultation conditions in whidi the virtual 
imi^ of tie spacecraft enters the atmosphere along a path well away from the vertical. 
After modest penetration into the atmosphere, the image of the JST spacecraft, as 
viewed from Earth, will move approximately horizontally throu^ the atmosphere, over 
smith polar regions of Saturn, with spacecraft rise at emersion being over the equator 
in the western ansa. While such a non-central occultation will provide reliable vertical 
profiles over a smaller range of heights than is the case for central occultations, it is 
expected to be very usefiil in sampling conditions over a wide range of latitudes, in 
studying complex atmospheric structure due to turbulence and weather, and in helping 
to determine possible distortion of gravitational equipotentials from oblate spheroids, 
as discussed below. 

Figure 2 shows illustrative radio ray paths in the regions behind Saturn. Meas- 
urements of the received frequency of the radio signals from the spacecraft provide 
precise information on the angle of refraction in the atmosphere. Knowlec^e of this 
angle as function of time, together with the spacecraft trajectory, makes it possible to 
estimate the refractivity of the atmosphere as a function of height. (Refractivity 
V = n-1, wheie n is the refractive index.) The profile of refractivity in turn can be used 
to determine the relative temperature and pressure as a function of height, and such 
relative profiles can be made absolute from knowledge of the atmospheric constituents 
(Fjeldbo and Eshleman, 1965; Kliore et at., 1965; Esbleman, 1965). 

The process of converting the observed signal frequencies into a height profile 
of refractivity, or a more general two or three dimensional refractivity model of the 
atmosphere, is not straightforward and in general cannot yield a unique result. The 
problem of determining refraction aisles from aiy given atmospheric model is, by com- 
parison, both straightforward and unique. 
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If oae imposes tbe assumption that the atmosphere is spherically symmetric, 
there is a mathematical transform pair that allows computations in either direction, and 
in this case the profile computed from the refraction angles is the correct and only 
answer (Fjeldbo et a/., 1971). We are not aware of any other potentially applicable 
model udiere such a direct mathematical inversion has been identified. A different 
approach involves iterati(m downward in an atmosphere modeled by successive fiiin 
layera within each o/L vdiich the refractivily is constant. While such a method has been 
used for the spherical case (Fjeldbo and Eshleman, 1968), it is potentially applicable 
with further develc^iment to any geometrical complexity that can be modeled in this way. 
The radio science team is preparii^ for both types of inversion approaches for the 
Voyager occultation experiments. The departure from spherical synunetry due to the 
dt>lateness of the major planets will be treated both hy using a sequence offset 
spherically- synunetric models to match the curvature of the equi-refractivity profiles 
at file occultation points (Kliore and Woiceshyn, 1976), and by the iterative process 
applied to the oblate S{dieroidal geometry. It is expected that this latter method may be 
made more complete with attempts to treat possible zone-belt difierences and particular 
spot features in the atmospteres. 

Important additional information about atmospheric structure can be obtained 
from the intensity of the dual-frequency signals received durii^ occultation. Figure 2 
illustrates the effects of differential refraction on intensity by showii^ that evenly 
spaced parallel rays to Earth connect with increasingly spread rays at the spacecraft 
for progressively lower ray passages through the atmosphere. Thus signal intensity 
decreases as the rays penetrate deeper into the atmosphere. Measured signal intensity 
can be inverted as discussed above for the frequency measurements, and should yield 
the same refractivily profiles if the changes in intensity are due solely to such atmo- 
spheric defocussing (Fjeldbo etai, 1971). However, there are two other factors to con- 
sider, as discussed below. 

Certain errors in profiles derived from Doppler frequency measurements 
imdergo an inherent magnification deep in the atmosphere, but this does not occur in the 
intensity inversion process (Hubbard etai, 1975; Eshleman, 1975). Thus cross-checks 
can be made to determine the onset of such magnified errors, with the possible residt 
that the characteristics of such an error scnirce coifid be measured. For example, pro- 
files determined from Doppler measurements during the non-central occultations will 
be very sensitive to the assumed orientation of tte local vertical (Hubbard et al, 1975). 
At atmospheric levels where the signal intensity is reduced by a factor M (which could 
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reach values of thousands), an error in the local vertical of 6 radians would produce a 
temperature error on the order of 200 M5% when the spacecraft sets or rises at an 
aii^le of 45“ from the vertical (Eshleman, 1975). But if the temperature were Imown 
more accurately than this from the intensity measurements, or from other Voyager 
experiments, then the apparent error could provide information on the orientation of 
local equipotentials to an accuracy which could be important in the study of gravitational 
anomalies due to internal structure and atmospheric currents. The accuracy of the 
local vertical of the global gravity field of Jupiter as determined with Pioneer space- 
craft is about one minute of arc (Anderson, 1976). 

The seccmd factor relative to the use of s^nal intensity measurements is that 
atmospheric absorption would add logarithmically to defocussir^ loss, but these two 
effects would be separable vdienever the refractivity profile can be determined from the 
Doppler measurements (Fjeldbo et aL 1971). Microwave absorption in the atmosphere 
is expected due to cloud condensates, their vapors, or principal atmospheric constitu- 
ents at low altitudes and hence hi^ densities. The loss profile measured at the two 
radio frequencies would provide information on the location, density, and other charac- 
teristics of the clouds or other absorbing material. 

Before absolute pressure and temperature profiles can be derived from the 
refractivity data, one must know either the composition or the temperature at some 
altitude level. For the Voyager missions, the IR and UV sensors are expected to yield 
complementary data on these parameters. Additional information may be obtained from 
the signal intensity measurements. For instance, if the altitude level of ammonia 
clouds could be identified in a microwave loss profile, one would know the approximate 
temperature at this altitude based on considerations involving vapor saturation. This 
temperature information would, in turn, allow us to use the scale hei^t of the refrac- 
tivity profile near the cloud level to estimate the mean molecular mass of the atmo- 
sphere. The mean molecular mass could in turn be utilized together with other data to 
establish limits on the abundance ratios between the principal atmospheric constituents. 


Titan 


The atmospheric occultation experiment is of special interest for Titan, the 
only satellite known to have an appreciable atmosphere. The trajectory for the JST 
mission includes a near-central passage behind Titan, under conditions which are 
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favorable for vertical profile measurements. The same general considerations 
discussed above also apply at Titan, except that oblateness is not expected to be 
important. While there is considerable uncertainty about atmospheric conditions at 
Titan (Hunten, 1974), it is expected that the radio occultation experiment can provide 
important atmospheric results over a wide range of altitudes, probably including 
conditions from the surface to heights vdiere the atmospheric pressure is on the order 
of 1 mbar. At greater heights, ionospheric measurements would provide additional 
information as discussed below. 

We have computed the radio propagation effects of the four model atmospheres 
of Titan (Paul Weisman, JPL; private communication) with the results that are sum- 
marized in Table 2 and i;igure 3. In Table 2, the important parameters to compare 
are those for surface pressure, pressure for critical refraction, the near-limb signal 


Table 2. Summary of Model Titan Atmospheres and Their Radio Effects 


"■"•'-^...Model 

I 

n 

m 

TV 

Name 

Danielson 

Hunten 

Divine 

Sagan 

Principal Constituent 

CH 4 

N2 

N2 

Ne 

Amount (km -A) 

1.6 

25 

60 

20 

Second Constituent) 

- 

CH4 

CH4 

CH4 

Amount (km-A) 

- 

0. 08 

0. 19 

0. 08 

Scale Height (km) 

31 

18 

28 

66 

Temperature (K) 

76.0 

76 

122 

204 

Surface Pressure (bar) 

0.015 

0.40 

0.96 

0. 23 

Pressure for critical refraction (bar) 

7.3 

6.2 

15.9 

275 

Near-limb signal (dB) 

-13 

-16 

-14 

-10 

Bending angle at surface (radian) 

5. 36"'^ 

1 . 31 "^ 

1. 54‘® 

3. 26 X 10 "^ 

Critical distance for a near limb 
maneuver (meters) 

5.04® 

2 . 06® 

1. 75® 

8. 27 X lO"^® 
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T fKcNin) ♦ 

Figure 3- p-T OccuJtation space at Titan — Figure illuitratu the rtlatiunshtp of four model 
atmospheres ( l-IV, see Table II f to the exported critical n/ractton letel at Titan. Since critical re- 
ftaition depends on the specific refraainty ot the actual constituents, two illustrative cases, for pure 
atmospheres of and CH^. are given. 


loss, bending angle at the surface and the critical occultation distance. Surface 
pressure and pressure for critical refraction compare the expected surface pressure 
with the pressure at the ai^t at which the radius of curvature of a horizontal ray 
equals the radius of the ray. In all cases the critical height occurs at a level in the 
atmosphere that is more than one order of magnitude pressure greater depth than the 
expected surface pressure. The difference in these two pressures is the theoretical 
margin for occultation measurements to reach the surface. 

In practical cases, signal strength must be considered as well. The entry 
under near-limb signal loss indicates the maximum signal loss due to atmospheric 
defocussing that will be encountered during occultation while observing signals from 
the closest limb of Titan. The difference between this loss and the initial signal- to- 
noise ratios (see Table 1) is a’'ailable lor study of absorption and scattering of the 
ray. Note that this difference typically is between two and three orders of magnitude 
in signal strength. To date, no potentially large sources of absorption have been 
identified. 
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The remaining two quantities indicate the margins for a successful no-limbing 

tracking, or a near-limb tracking maneuver occultatiaD. The bending angle at the 

-2 

surface is always less than the Voyager 13 cm -3 dB half-beam width of 2. 1 x 10 

“3 

radians, althou|^ It can be larger than the -3 dB half-beam width jf 5. 9 x 10 radians 

at 3.5 cm wavelength. The critical distance is the maximum flyby distance at which 

a near-limb tracking maneuver can successfully track a surface ray. The Voyager 

1 

occultation distance is planned to be about 3 x 10 m, or about one order of magnitude 
less than the smallest value obtained for this quantity. At present the Voyager Radio 
Science Team plans to track the closest limb throu^out the occultation. 

Fiscure 3 illustrates the relationship of these models to tie critical refraction 
levels of pure and CH^. This figure allows easy estimation of proposed atmospheres 
to the critical occultation level. 


Ionospheric Profiles 

The vertical profiles of free electrou concentration in an ionosphere can be 
found from the profile of refractivity, which in turn is determined in the same general 
way as described previously for the refractivity of the neutral atmosphere. However, 
there is an important <iifference in that the refractivity is also proportional to the 
square of the radio wavelength for ionospheres, while it is essentially independent of 
wavelength for neutral atmospheres. Thus the dual frequency measurements will be 
self-calibrating in the sense that ionospheric profiles derived from Doppler frequency 
differences will be independent of trajectory uncertainties and spacecraft oscillator 
Instabilities (Fjeldbo e.t al. 1965). Ionospheric profiles will be obtained in conjunction 
with the atmospheric occultations at both Saturn and Titan. 


RINGS OF SATURN 

The Voyager encounters with Saturn provide an opportunity to study the ring 
system with radio occultation techniques. The JST trajectory includes a Saturn ring 
occultation following atmospheric occultation emersion. The JSX trajectory provides 
an optional retargeting for Titan encounter and ring occultation should the JST space- 
craft fail prior to Saturn encounter. 
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The goals of these observations are to measure the comple> (amplitude and 
phase) radio extinction and angular scattering function of the rings as a function of 
wavolength, polarization, and radial distaixse from Saturn. These observations would 
then be used to infer the first several moments of the ring particle size distribution, 
the total amount of material in the rings, die radial distribution of that material, and 
limits to possible particle shapes and constituents (Marouf, 1975). 

As in atmospheric occultations, the 13 and 3. 5 cm- A radio waves will be trans- 
mitted from the spacecraft through the rings and received at Earth. Tne motion of the 
spacecraft will carry the geometric line of sight from the planetary occupation point 
within die western ansa (region (b) in Figures 1 and 2) outward through the entire ring 
system (region (a) in the figures). The complete phase, intensity, and polarization of 
the received signals at both wavelengths will be recorded at Earth. Note also from 
the figures that the complete ring plane will be crossed along a second path by the rays 
refracted throu^ the atmosphere just prior to the atmospheric emersion of the space- 
craft image (region (c) in the figures). This combined atmospheric and ring occulta- 
tion will also be recorded. 

It is expected that the received signal will consist of two principal components; 
a coherent signal that represents propagation directly through the rings, and an 
incoherent component which reaches the earth by scattering from particles that do not 
lie along the geometric straight-line path to Earth (Eshleman, 1973). Even though tlie 
rings consist of discrete particles, they interact with the radio wave in such a way as 
to produce average effects (per unit volume) on vv'ave intensity and phase, much as 
does an atmosphere or ionosphere of discrete molecules or electrons. For the 
coherent signal, the rings can be characterized by their effective wave propagation 
constants. The coherent and incoherent components will be recognized and separated 
in the data on the basis of their spectral, time correlation, and polarization 
characteristics. 

The first-order effects expected are shown in Figure 4, At each wavelength, 
the coherent component will be shifted in phase and attenuated due to the effective 
propagation constants of the ring material. If the concentration of ring particles varies 
with radial distance from Saturn, the progressive change in phase v'ould correspond to 
small changes in the angle of refraction, so that it appears as a frequency shift m a 
manner that is analogous to an atmospheric occultation. Unlike atmospheric ocoulta- 
tion, however, the reduction in the coherent signal intensity In ring occultation is 
expected to be due primarily to scattering of energy out of the direct path. 
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The phase of the wave depends primarily on the tolal number oi small 

particles per unit area projected normal to the spacecraft-to- Earth line-of-si^t (i.e. , 
the areal density). The precision of the phase data is limited by the oscillators 
employed. For freqtmncy stabilities associated with tbe oacA>aard (»ciliat3r» dm thresh- 
old detection would correspond to small ice particdes adioK areal density varies by 

about 20 g/cm in a period of about 1000 s. Assuming a spacecraft velocity of 10 km/s 

—3 

in the plane of the sliy, this gives a sensitivity to gradients in material of 2 x 10 
2 

g/cm /km, if the particles are small as compared with the radio wavelmigth. 

The intensity of the ccdierent wave also carries important information about the 
ring particles. It appears that measurements of c«'bercnt signal extincticm will be 
limited to an accuracy of about 10% at 3.5 cm- A, and perhaps 1% at 13 cm, by system- 
atic and sk>wly varying errors in spacecraft antenna pointing. For a simple model 
inv<dvii^ rndy of^csdly thin regions and r>articles that are large relative to the wave- 
length, these errors would correspond to the same fractional error in the total pro- 
jected area of the particles viewed against the plane of the sty. We eatimate trom 
current models for the B ring (hat this att^niatioo will be between 40 and 60 dB. As a 
result, die coherent wave may be below the limit of detecdcm durii^ portions the 
ring occultation. 

The incoherent signal Illustrated in Figure 4 arises from scattering by ring 
particles with circumference greatr than a wavelei^th. It can be analyzed in terms 
of the averi^ ai^uiar scattering properties cf the rings mapped into the frequency 
domain by the Doppler effect. This mapping can be understood in terms of the relative 
velocities between the spacecraft, rmg particles, and the receiving station on Eardi. 
Signals transmitted from the spacecraft illuminate ring particles at a frequency shifted 
by the instantaneous relative spacecraft-particle velocities. Tbe component of the 



Ftgun 4. Signal characteristics during Saturn ring occultation — 
TranoHUuJ ugnal <PT-/T^ ^ amverteJ iaU (thtremt fwt <PcJc) aaj 
imcaherral part iP;, 2^). Sjsttm nose Uvd N, ti abeat 30 ktUm lit 
rtcthtd ptwtr /« thr ahitna ^ mgs. Shape tf imhtrtsa speOrum stbenati- 
callj nprtsiMr expected sigaattr/e ef a htmndal particU siv diitnhaUta. Most 
scattering effects an umeiengtb dependent so that additional informatun ts 
araHablt bp cmspanset: of 1} and }.5 cm malts. Varsaften ef incohertm 
tpectrnm utth polarization is not illastrafed. 
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scattered wave that is re- radiated in the direction of the earth undergoes a second shift 
in frequency determined by the velocity of the particle relative to that of the Earth. The 
JST trajectory at Saturn was chosen in part so as tc align the loci of constant Doppler 
shifts with the circiunfe rential ring coordinate over a limited region of the ring plane. 

An example of one such set of Doppler loci is shown in Figure 5. As illustratedt eadi 
slice of the inccdierent spectrum is closely associated with a porti(Hi of the rings at a 
constant radius from Saturn's center of mass. We estimate that Ite radial resolution 
achieved at G.5 cm wavelength will be about 100 km, approximately 2% of the radial 
dimension o! tl.e -'Jasini division between the A and B rings. At 13 cm the resohiUon will 
be somewhat poorer due to the larger ring area illuminated at the longer wavelength, 
and the deviaticu of the Doppler loci from the ideal condition over the larger area. 

A critical factor in the ring occultaticHi experiment is the size of the particles 
relative to the size of the spacecraft antenna (3. 66 m diameter). If the predominant 
particle size is greater than the spacecraft antemra size, then the forward scattering 
lobe will be narrower than tiie spacecraft antenmi beamvddth. In this case, most of 
tbe scattered energy can be observed with a simple geometry in which tl^ spacecraft 
antenna is always directed toward the geometric positicxi a[ the Earth. However, 
particles smaller than the spacecraft antema will produce forward diffraction lobes 
that are wider than the antenna beamwicHh and no fixed condition of illumination will 
permit measurements of the entire scattering lobe. Cui-rent Earth-based rad.?r obser- 
vations indicate that marq^ particles larger than about 2 cm in diameter are present in 
the rings, but give little hard informaticHi to constrain the upper size limits (Pollack 
et al. 1973). We cannot now predict which of the alternatives above best represents 
the conditions we will encounter or even if such conditions will be the same for all 
parts of the ring system. 



Figure 5. Radial resolution (or incohcirnt signals in Saturn ring occuliation 
measumnents — Figurt reFranh ring f.!ane utih ’iatum a: Ji-urr right. Spacuraft is 
Uxated Mvu th< plaint of iht rings out of th* fgun at tht top of tht pagt. tarth ahmr the nag 
plant out of thf figure al the hottom of tht page. Diratta lint from kutr right to upper left is 
the path of the gtowutni ray hetuem spaiura/t anJ tht tarth. Boxes outline the ring plant area 
illuminated at three instants by tin i. 5 em antenna pattern. 1 one-half pouer con: yr ts 
apprvxtmateiy an ellipse Uitri axes gnen hy the rectangle. CuntJ hues approximately tangent 
to the ariu.rferenliai coordinates »/ the rings are locit of constant Doppler shift separated hy 
I kHz. Mtasurrment resolution ts cm the order of jO Hz Similar pgurt obtains at 15 cm 
uaitlcngth rxcepi antenna beam inlerstition if larger and contours Jeuah from circum- 
ftrential condition. 
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The radio science team is planning to conduct the JST ring occultation experi- 
ment with the antenna directed toward the Earth. This strategy will yield the maximum 
signal-to-noise ratio for the coherent ccmpcment. It will also yield the mean particle 
size and informati<m <» the particle size distributicHi, particularly if most of the pai> 
ticles are a few meters in diameter or larger. The effects of particles in the 
centimeter-to-meter size range will be recognizable in the data, although detailed 
information will not oe available on the distributioa of sizes in diat range. We hope 
to obtain information on the intermediate- scale particles by incorporating an oblique 
scatter experimait in the JSX flyby, during which the spacecraft antenna will he 
directed toward the rings through a range of oblique scattering angles, but the 
feasibility of this has not yet been completely determined. 

Polarizatum of the scattered waves is an independent observable which is 
germane to the study of the incoherent signal, and in principle, to the ct^erent wave 
as well. The polarization of the coherent v.'ave will be uiodifled by factors that depend 
primarily on particle shape if multiple scatter can be neglected, and by a combination 
of particle shape and multiple scattering in regions where the latter is important. 

Strong depolarization is observed in backscatter radar observ'ations, and is one of the 
puzzling aspects of the ring system in these Earth-based experiments (Goldstein et al. , 
1977). For the coherent wave, we know of no particular reason to expect stremg polar- 
ization effects, but this could occur if non-spherical particles have ordered orientations. 

Polarization measurements will be made with coherent receiving systems for 
right and left hand circular polarization at each wa\-elength. The data can be pro- 
cessed to determine the complete projiiertics of the waves — intensity, axial ratio and 
orientation of the polarized p<u*t, and the intensity of tJie unpolarized part — as a func- 
tion of time and frequency. For the coherent signal, data processing based on polai— 
ization will improve the a posteriori signal- to- noLse ratio. 

The discussion above is expressed in terms of a simplified, single-scattering 
model. However, the fundamental experimental considerations of geometry and 
strategy' do not depend on that mcxiel, but onl\ on the assumption that the particles 
follow individual Keplerian orbits witli few collisions. We e.\pect to encounter a wide 
range of conditions as the radio beam n.oves outward tlirongh the ring system, and 
there may be no single scattering mridel or analysis technique which is appropriate 
over the full range. We are engaged in a continuing study of this experiment with 
emphasis on the sensitivity of data in\ersion to the experimental parameters, and on 
more complex models w.hich include multiple scatter and polarization. 


329 



REFERENCES 


Awknou. J. (19761. The gnvky ficU of JufMcr. GchRlt.e6.). pp. 1(3—121. Uaw e n k y of ilri iiw Press. Tncaoii- 

Et hl eBM o, V. (1975). JupMcrs jeow w iihm! : PnbleaK aid poeeatiri of adio ocrahaciaa. &hwf 189, 876—878. 

Fddfi— n .V.(1973XThci»diooocuh«ponweehi>dfanhe«t^rfphae«My »a >ii«pl «i« . PUmm. SfmatSd.2J, 1521—1531. 
r«h l r a im . V. (1965). Radar asaoaamf of salvsgmeiaplBMi. ImStl^rSptm S ^ d mA tlm mm t , Q. Aamat. ed-K pp. 267—293- PkoMB 
Phas. NY. 

EsfaieaMB, V., Tirlec, G.. An dmw . J., Fieidbo. G., levy. G.. Wood. G-, and Cndt. T. (1977). Sadia adeace iancsqpBnoas wall 
V< 9 ««er. Sif^Sd. Ktr. 21. 207-232. 

FpcUbo, G.. aatd Fthlf i aan V. (1968 )l The ■aawphfte of Ites a a il y i e d by mnyal i a vc ai oa of the Ma iaer IV oocohatiaa dace. J. 
tmiSfmeiSa l6. 1053—1059- 

FfcUbo. G.. and EsfafemaD. V. (1963). The bistanc etdar-ooniitanaa aactbod far ihe sady of planrmy aaasapheRS. J. Co pd ^r . As. 
70. 3217- 5226. 

FieUbo. G.. Kliooe, A., aad Fitdcmm. V. (1971). The aemal an aBapheae of Veaus as stadied nidi the Mariner V ladio nocaharioa 
e a pcriaK nis. A ja a t . J. 76, 123— 140. 

GoUstcia. B-. Gteea. R.. FencngiB. G.. and Campbell. D. <1977). The rings of fatara: Taofasqaeaqriaikrobsarvariens. leant 30, 
104-110. 

Hubbaad. W., Hamcn. D.. aad Klaac. A. (1973). Efirix of the Jorian oblanneB on IS o o eer HVll Radfa occa hati on s . Gepdft. Ka. 
Lm. 2, 263-266. 

Hancni. D. (cd.). (1974). Tfa Atmtpkmnf Tmn. NASA SP-340. NASA. Wasfaii«BBi D.C. 183 pp. 

Klioie. A-. Cain, O., Levy. G.. Cddeaun . V., Onfae. F.. and FjciAD, G. (1963). The Mariner 4 occahariaa experaaenc. Aiinaanr. 
Ananas 3. 72-80. 

Kliote. A., and Woicesfayn. P. (1976). Snucnac jf tfacnna ap heic of Japiter fiani P iane er lOand II eadioooaiharion mraiiarmrnri 
in /^tar (T. Gdacb. od.). pp 216—237. Uaiaeisity of Ariaaan Prb. Tacson. 

Marouf. E. (1973). The rings ct Satani: Andysis of a baearic-eaclar eapfrimenc. Ph.D. d it seit a rioo. TtAmtcal Rt pa rt 3240-1 SV StL 
73-006, Sti n fan l Ekcnooics l a boratories. Staafatri UoriosMy. Stanfatd. CA. 

Polladc. J.. Sununeis, A., and B a l d w in . B. ( 1975). E st inure s of the siae of the panidcs in the rings of Sarum and tiieir casmagonic 
impiicatiotts. Iconu 29, 265— 278. 


330 



THE MAIN SCIENCE QUESTIONS 
AFTER VOYAGER 


Panel I 

E. Scone. Chairmaa. D. Hunten. 
L. Tyler, J- Warwick 


C. STONE: I would like to encourage fiie panel members to address net so much 
the implementation aspects of what they diiidc ought to be deme imxt, but to address 
adiat are the science issues, and of course that will lead them into some implemen- 
tation questions which can be addressed. But I thiid: one ought not be primarily 
focused on implementation issues for diis panel. The first tc^ic is Titan. 

D. HUNTEN: It seems to me even before Voyager gets there we should have 
settled the issue of the surface temperature of Titan Iqr the consensus of several radio 
measurements. My personal prejudice right now, of course, is that the temperature 
will turn out to be fairly' large, around 200 K, with a pressure of at least 20 atmo- 
spheres. I could be wrong, but Fll proceed on the assumption that I’m not wrong about 
that particular aspect. 

The surface temperature and pressure will then be a datum that Von Eshleman 
and Len Ty'ler could use for planning their occultation measurements of Titan; for 
example, wfaetiier or not to slew the antenna to optimize the radio occultation. So 
we’ll have a good radio occultation measurement. The level of critical refraction for 
an adiabatic atmosphere seems to be quite deep, according to 'Tyier's presentation 
this morning, deeper than 20 atmospheres, maybe even 30 or 40. 

There’s a very' good chance that they' will be able to probe all tiie wray to the 
true surface, although they could easily run into a layer of ammonia and if it’s any 
warmer than 200 K, a layer of ammonia vapor is quite likely. So, again, it may' be 
an apparent ’’surface, ” not a real one. Of course, if you get that glint, that bistatic 
glint, then you’ll have it made. 

Even if they don’t get that deep, we'll have a very good idea about the true 
nature of the atmosphere, especially the mean mass. So we'll know whether the ideas 
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about nitrogen make any scmse or not, because that will be found from the atmosphere 
above the cloud tops where we alreacfy^ know die terai^rature pretty well. 

We'll also have a measurement of the ionosphere, presumably, which will 
probably be as mysterious as the icmosphere of Jupiter which we d<m't really 
understand. 

We'll also have the data brom the ultraviolet spectrometer which will have 
explored the torus of Titan and its upper atmosphere in the airglow mode, and looked 
for helium and presumably not found it. Bat we can't be absolutely sure until we lo(^ 
And then it will have the solar occultation measurement, which will tell us quite a bit 
about the u{^r part of the atmosphere and tell us how high methane extends, in 
particular, which is quite a tricky thing because it's destroyed photocbemically fairly 
rapidly. 

And so widi any luck, we'll have a very good idea of the basic physical prop- 
erties of Titan: Its actual radius, its actual density, and the composition and general 
nature the atmosphere. 

So, Uk next question is what we'll \vant to know after that. Clearly, as far as 
atmospheric composition goes, we'd like to be a lot more certain than we ever can by 
remote sensing. 

The Mars Viking landers detected sevei-al very important gases which simply 
aren't amenable to remote sensing: argon, nitrogen, and some isotopic ratios. That 
experience is a very good guide to what we'll want to do on Titan. We'll want a refined 
analysis of both major, medium and minor constituents of the atmosphere. Something 
for which Titan is already renowned, of course, is organic chemistry. We're going 
to have to pay a good deal of attention to that. Hopefully, weTl be smarter by then 
than we were when we designed Viking, and we'll know what to do about organic 
chemistry. Clearly, that’s going to require a certain amount of laboratory work. 

My personal predilection would be to tr\' to learn something about the upper 
atmosphere of Titan also. I think this is one of the important insights that's come out 
of this meeting, something that perhaps should have been obvious but didn't occur to 
me, that methane is liable to be present at very high altitudes and subject to low energy 
proton bombardment, along with the nitrogen, if it's there, and produce a great deal of 
interesting chemistry right at the top of the atmosphere. So I think that emphasizes 
once more that aeronomy is more than a minor subject of interest to a few specialists. 
It actually does bear on quite important questions sometimes. 
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E. STONE: So your comments are really focused on t«ro areas; One is the 
detailed composition of the atmosphere as a whole, which means a prc^, and the other 
is the uf^r atmosphere composition, where one is possibly seeing some chemistry 
going on. So you're focusing on the chemistry of Titan's atmosphere as a key to the 
foture <d>}ective8 of both lower altitude and upper altitude chemistry. 

D. HUNTEN: Yes. There is also a lot we'd like to know about the surface, but 
I'm mentally giving up on that for the moment and saying let's study it indirectly 
through what we can measure in the atmosphere. 

J. CALDWELL: With any luck at all if the VLA (d)servations work at one, two, 
and six centimeters, we should have some indication whether or not the thing that 
determines the opacify is in fact ammonia. So that uncertainty, along with the radio 
bri^tness temperature discrepancy, will hopefully be removed in the near future. 

I would judge that the radio occultation is a very important experiment, and I 
would like to offer the maybe heretical viewpoint that it is more important than almost 
anythiiig else Verger can do on Titan. In particular, because of the possibility that 
the atmosphere is c^>aque at visual wavelengths, I am convinced that hig^ resolution 
imaging of Titan is scientifically risky. Vc^ager should do the radio occultation right, 
and plan other e:q>eriments around. 

E. STONE: Can we talk abmit what you think are the key questions after 
Voyager? Do you have anything to add to what Don had discussed, which was basically 
this question of compositiem? 

J. POLLACK: I think another thing that a probe will do very nicely for us is on 
cloud structure, both in the sense perhaps of telling us something about the distribution 
of file aerosols, as well as the presence and location of major condensation clouds in 
the atmosphere. 

I also think that we shcaild look to try to get as much information on the 
dynamics of Titan's atmosphere as we can. And one subject that, for reasons I don’t 
quite understand, I always seem to be bringing up is that the Doppler-shift velocity 
measurements are a very relevant way of seeing what the velocity shear is in planetary 
atmospheres, including Titan's atmosphere. 

I think dynamics is certainly a very important area as a general objective. 

D. MORRISON: Jim, as I recall a paper that you and Conway Leovy wrote, you 
pred'>ted extremely sluggish d 3 mamics on Titan. Are there really measurements that 
will reveal those kinds of motions ? How important is that particular set of 
observations ? 
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J. POLLACK: I would say if s extremely important because one of the general 
overall <d>jectives in the planetary program is to use planetary atmospheres as sort of 
natural laboratories for meteorological studies to see how differences in their makeup 
^or example, rotatim rate) affect the way in wiuch their d 3 mamics behave. Titan's 
rotation period of 16 days makes it an especially interesting case. Most planets are 
rou^y one-day planets. And then we have Venus, which is a 100-day planet in terms 
of its rotation period. And Titan is very nicely intermediate. So I think it's quite 
important in that sense. 

E. STONE: Is tiiere anyone else who sees a principal science objective with 
respect to Titan that has not been addressed here? 

S. CHANG: How about surface analy«if>^ That is, an assessment of the vola- 
tile content versus the non-volatile content, for instance. And if there are a lot of 
volatiles there, what's the distribution between ices, organic matter, and so on? 

You may get some information from the atmospheric analyses, both particle- 
wise, as weU as molecular composition, but it may be difficult to extrapolate from 
those to the material actually on the surface. 

E, STONE: Could I ask: Is a surface composition analysis an important part 
of the story of understanding atmospheric composition, or can one do atmospheric 
composition studies without a detailed understanding of the surface composition? 

D. HUNTEN: One of the main reasons to be interested in atmospheric compo- 
sitiem is the clues that it gives you about the surface and interior. It's not the only 
reason, but it's certainly a principal one. It's quite possible on Titan that the surface 
is kind (rf incompatible with the atmosphere. It may be a layer of oily tar or some- 
tiling like tiiat. I think Fd go alcmg with Sherwood and say the surface is an important 
objective, quite apart from whether we regard it as a feasible one. Can the bistatic 
radar tell a liquid from tar from a sheet of ice on the surface of Titan? 

L, TYLER: I don't know about tar. We would not be able to tell ice from a 
soil of comparable roughness. Liquid depends on what kind of waves are propagating 
in it. If you have winds on Titan, j-es, I think we'd know that. 

D. MORRISON: I presume Voyager will answer the question as to whether 
Titan has an intrinsic magnetic field. I don't know how much it will tell about the 
moments of the gravity field, but I should think that understanding the degree to which 
the interior is differentiated, as derived froi.i dynamical studies, would be an 
extremely important observation. 
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J. BLAMONT: If Titan is liquid inside, maybe the surface moves on t <9 of Ibis 
liquid. Why not? And, therefore, we are in a new situation. So, I wanted to ask if a 
computation has been done? Let's suppose that we have water. What's going to happen 
to the surface? Is it going to move with it? And, how? Maybe it would be interesting 
to try to do some small seismology experim^t. Fm sorry to be kind of crazy, but if 
we are serious about Titan being liquid, then it may move. 

D. HUNTEN: Jacques is si^esting that maybe tiie whole idea of a spherically 
stratified planet is too simplistic. It certainly is for the Earth. The Earth does 
exactly what you said, althou^ on a very slow time scale. Maybe Titan has continen- 
tal drift too. 

S. CHANG: If the surface is a solid and one needs to belch gases from the 
interior into the atmosphere, does it make sense to have an e:q>eriment where you can 
measure the rate at which that kind of activity takes place or if it exists at all? 

E. STONE: I think I would like to turn to Saturn's atmosphere and ask Jim 
Pollack to lead off with a 5-minute analysis of what should be done after V<qrager. 

J. POLLACK: Galileo gives us a very good starting point in terms of the 
general objectives for the Saturn atmosphere. Basically, a heavy stress is put on 
getting compositional information, particularly because of its relationship to some 
fundamental cosmogonic questions. 

In addition, one would like to get information about cloud structure, and in 
additicm, to study the dynamics of the atmosphere. 

In the talk that I gave earlier, one thing that I mentioned is that Saturn could 
have a very interesting difference at the current time in terms of the factors respon- 
sible for its excess luminosity, mainly that it may be cold enou^ in the metallic r^on 
for helium to start segregating from hydrogen and for that to act as a source of excess 
energy. And the way to get at this is to have a very accurate measuremmit of the 
helium to hydr<^en ratio and compare that accurate number to the accurate number 
you'd get from Galileo. 

In terms of questions related to the origin and evolution of the Saturn system, 
it's important to get an assessment of what the amount of excess heavy elements are, 
particularly volatiles, and also silicates. This means finding out how much methane, 
ammonia, and water vapor is in the observable atmosphere, and in an indirect way, 
seeing if there is an excess of silicates in the envelope of Saturn. 

In terms of dynamics, fair amounts can be learned from Voyager. It would be 
interesting having additional synoptic-type information from an orbiter and, in 
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addition^ whatever information we can get about winds in the case of the Saturn 
atmosphere. 

In the case of outer planets like Saturn, there ic a thought that there may be a 
sequence of condensation clouds, beginning with the ammonia condensation clouds, 
then ammonium hydrosulfide clouds, and flien finally, water vapor clouds. 

The final point has to do with Saturn’s magnetic field. The current thinking is 
that planets like Jupiter and Saturn have a dynamo mechanism for the magnetic field 
that's related to regions of high conductivity, nameljs the metallic hydrogen region. 
Now, the interesting difference between Jupiter and Saturn is that the metallic region 
of Saturn has a much smaller volume than in the case of Jupiter. That means, for 
example, that you should have much more of a dipolar nature to a field that is produced 
by a more central region than in the case of Jupiter, so that learning about Saturn’s 
magnetic field properties and comparing that to Jupiter's magnetic field properties 
could be an interesting exercise for the clues that it gives us about the origin of the 
magnetic field, 

E. STONE: The point about the magnetic field is that you'd like to understand 
the magnetic field to some fairly high order, which you cannot do with a flyby. 

L. TRAFTON: I think it might be interesting to try to study the dynamics in 
the neighborhood of the boundary of the shadow of the ring on the surface of the planet. 
There is some indication that the atmosphere may be more hazy when the percentage 
of the disk shaded by the rings is large, and tiiis might be due to dynamical effects 
driven by the gradient between light and dark or hot and cold regions occurring at the 
edge of the ring shadow. 

G. ORTON: I think radiometer studies are very important. So far, with the ex- 
ception of possibly Uranus, Saturn represents one of the most oblique planets that has a 
studiable temperature. And we’re seeing rather tremendous changes in thermal 
structure which seem to be tied closely with the amoimt of insolation taking place. 

There is a variety of things which should be dealt with in the synoptic sense. 

J. POLLACK: What are the changes that you're referring to? Are they spatial 
or temporal? 

G. ORTON: Both. If you're sitting at the pole, then you're seeing changes 
throughout the year. If you're sitting at the Equator, then you're going to go through 
the ring shadow. 
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D. MORRISON: Since Saturn appears to have much stronger driving forces for 
atmospheric motion because of its obliquity and because of the ring shadows, is it nut 
a little strange that it seems to have many fewer atmospheric storms that are visible 
from Earth than Jupiter? 

G. ORTON: One possible reason for the difference is the complex atmospheric 
structure. On Saturn, the haze may be greater, so we don't see the d; uamical effects 
as well as in Jupiter. 

B, SMITH: Also, Saturn is twice as far away. However, I believe Saturn is 
actually less active. There is a point I wcaild like to make with regard to the ring 
shadow. When seen by Voyager, it will be a fairly narrow projection on the equatorial 
region, whereas in the late 80' s, the shadow will cover a very, very large part of the 
southern hemisphere. 

D, MORRISON: It may be important to look again with a spacecraft when the 

2 

ring is open. As now planned, SOP will arrive at Saturn in 1991, while the tilt is 
still large. But if the mission slips to the mid 1990's, we'll he back looking at Saturn 
in the same situation as Voyager. 

J, WARWICK; The discovery and initial exploration of the non-thermal radio 
emission properties of Saturn will be accomplished on Voyager. We have really no 
secure idea as to what will appear. If we see nothing, all right. But what we see may 
well be only exploited on further spacecraft. It certainly won't be studied usefully from 
the ground or near the Earth. 

E, STONE: So there is always the point that we don't know some of the 
questions we need to ask and we won't know them. 

Let's summarize the questions that we have identified for Saturn: 

(1) The probe will allow us a direct compositional comparison with Jupiter. 

(2) It also allows us to do a more detailed, specific study of clouds and 
temperature structure, and possibly dynamics. 

(3) Synoptic observations have been identified for dynamical studies, including 
effects of the ring shadow. 

(4) Finally, the higher order details of the magnetic and gravity field may 
tell us about the difference between the interaal structure of Saturn and 
that of Jupiter. 

I would like now to move on to the other satellites, and ask Dale to lead off. 

D. CRUIKSHANK; There is a serious lack of hard information about any of the 
satellites and even about the existence of some of them. In this sense, trying to decide 
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what should be done from a post-V(^ager probe is a little like sitting in the Court of 
Queen Isabella the day after Cciumbus set sail and trying to figure out how to e}q>lore 
tiie Mississippi River and the Rocky Mountains. You don't even know if they're there. 

So the kinds of things that I could put on the list are all the fairly obvious ones 
that have surely appeared on countless planning documents in preparation for a space- 
craft already en route. 

One important thing, though, is that Voyager and the Galileo experience, in 
imaging the Galilean satellites, will tell us a lot about the effects of large and medium- 
scale topography on such Earth-observable parameters as the solar and orbital phase 
functions. This will help us to interpret the data we now have on the satellites of 
Saturn. 

From an orbiting spacecraft, the satellites should all be mapped at the highest 
possible spatial resolution. This permits people to do studies of the morphology of any 
features of any topography that might be seen. One can use crater counts to understand 
something about the flux of laige impacting particles in the early history of the solar 
system in that neighborhood of the solar system. This will be the first opportunity to 
study close up the morphology of satellites that are almost surely ice or other frozen 
olatiles. 

There have been papers by Torrence Johnson and others on what kind of mor- 
phology might be expected on such very low-density frozen satellites, and it is different 
from the kind of thing that we see on the Moon and Mercury and presumably the Galilean 
satellites. So there's a whole new area there. 

It's important to study the distribution of the frozen volatiles on the surfaces of 
the satellites of Saturn and particularly to search for things other than water ice. 
Ammonia ice, in particular, is a very important one because ammonia ice on the sur- 
face almost certainly reflects ammonia ice in the interior, or some ammonia mixture 
in the interior. And because ammonia has a profound effect on the melting temperature 
of a water-ammonia ice mixture, it will have a great influence on the question of the 
thermal history of the interior. 

So the detection of some other materials in the frozen ice on these satellites is 
very important. And, of course, once you find it, you’d like to look at its distribution 
around the surface. Now, how to do that is still an open question, because the presence 
of water ice tends to mask the presence of anything else. If further laboratory studies 
show that remote sensing either further in the infrared or the ultraviolet can resolve 
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other things from water ice, then that will provide the criteria on which any instrument 
to do this would be designed. 

Interior stI^lcture and thermal histozy can also be investigated using the 
gravitational moments of the satellites, and by repeated close passages of the space- 
craft to at least one or two of the satellites, one could presumably determine some of 
these crucial things. 

One should search for atmospheres and ionospheres of at least the largest of 
the satellites of Saturn, and this can be done nicely by well-proven occultation 
e:qperiments. 

A 

We know that frozen water vapor even at a very low temperature has a finite 
vapor pressure, and so there must be some molecules in an atmosphere surrounding an 
icy satellite even at 100 K. Whether or not we can detect it is another question, but 
the occultation technique is a very powerful one. 

D, HUNTEN; The atmosphere of Mercury was detected by ultraviolet spec- 
troscopy, not by occultation techniques. Generally UV is much more sensitive. 

D. CRITKSHANK: I don't care how you find an atmosphere. But there is a 
molecular atmosphere surrounding an icy satellite at 100 K, Let's go find it. And 
let's also find out if it's been dissociated by solar ultraviolet to form oxygen and all 
tlie things that people are talking about surrounding the Galilean satellites which haven’t 
yet been found. 

The question of the interaction of the surface materials, the ices or whatever, 
on f'-) satellites with the magnetospheric particles is of interest too. Have the ices 
been modified to some degree that we can’t determine from the ground? That's some- 
thing that needs to be looked at, both in the laboratory well in advance of any spacecraft 
experiments, and also done on the spacecraft itself. 

We should also be trying to understand the interaction of the surfaces of the 
satellites with any extended ring particles in Ring E. Is the diffusion time of particles 
radial to Saturn in this extended range so fast that, for example, every time a satellite 
makes an orbit it sweeps up a new batch, or is the diffusion time so slow that each 
satellite has carved out for itself a wake which it continually maintains? Those are the 
kinds of scientific questions that I think need to be answered. 

D. MORRISON: I would make a special point of lapetus because some asym- 
metries in photometric properties are seen on almost every satellite as a general 
phenomenon. lapetus is such an extreme example that I would think that no matter 
what Voyager tells us, we're going to want to follow up in a detailed way to understand 
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the photometric asymmetry of lapetus, and what it is telling about Phoebe or ring 
particles or magnetosphere or whatever. It's almost surely telling us something abouc 
more than just lapetus itself. 

R. MURPHY: I think it would be important to ti*y and extend our knowledge of 
what the inventory of satellites around Saturn actually is. 

B, SMITH: Well, Voyager will do a lot of that, particularly if you're talking 
about the inner satellites. For faint outer satellites, it is best done from the ground 
uith large telescopes. 

D, MORRISON: We should remember that we have yet to really see any satellite 
anyway, except Phobos and Deimos. I bet you that as soon as we've looked at the 
Galilean satellites, let alone when Voyager gives its first glimpse of the Saturn 
satellites, weTl think of a whole myriad of new problems. 

E, STONE: Let's move on to the next topic wluch is the rings. Jeff, could you 
lead off. 

J. CUZZI; I think a study of the rings is important from two standpoir . 
first is their own origin, and the second is that they provide an extremely in. • ta. 
boundary condition on the protopianetar\’ nebula. 

There are different ways of getting at these tw'o topics: 

(1) Through the size and size distribution of the particles themselves. The 
radius limits and slope of the power law distribution, and their variations 
udth radial distance are important for questions of ring formation and 
evolution. In particular, the size of the largest particles is a critical 
number. 

(2) Through the composition of the particles. Are there any silicates and 
if so, in what amounts? Do the amounts vaiw with radial distance? 

What causes the reddening of the rings, relative to the satellites? 

Size distribution information is especially important ,icar the ring boundaries 
and in the Cassini division because that's where the dynamics influence the rings the 
most strongly. 

As far as the global structure of the rings themselves, there are three 
important things: 

(1) The local microstructure of, for instance, the nonaxisymmeti’ic brightness 
variations in the A Ring, and telling us something about gravitational 
perturbations which could be verj’^ important for learning how planets 
themselves form. 


340 



(2) By observing the edges of the vari<MS ring boundaries, you learn the 
dynamical strengttis of the resonanc<?s. That is, how effectively are the 
resonances keeping the particles in, and itence how much mass has been 
lost over the age of the solar system. Do the thickness and volume density 
vary near the resonances? This could indicate that the resonances may be 
s<airces of particle dispersions, and may affect estimates of th$ age of the 
rings. 

(3) The mass of the rings. I suspect that to get very good and on the 
planet, we might need a better esamate of the mass than Vov'ager can 
prwide, so I think repeated orbits ^vrold be very important. 

L. TRAFTON: What about inhomogenelfy with deptii perpendicular to the rings? 

J, CUZZI; That has to do vith the stratification of sizes, which is an interest- 
ing thing to look at. The way you get at that is probably w'ifli the repeated radar 
observations. The best way to do ttie size distribution studies would be by doing lots 
of bistatic radar mapping. 

L. TRAFTON: Is there any particular reason to expect the top side of the ring 
to look just like the bottom side? 

J. CUZZI: Yes, it would be sjTnmetric about the midplane. But it wouldn't be 
at all surprising to find little particles going much farther up than big particles. 

D. CRUIKSHANK: We should look for atmospheres of the rings for the same 
reason fiiat we caould look for atmospheres of the sate’lites. 

J. CALDWELL: -s this «it of the range of possibilities for Voyager? 

R. HANEL: No, we plan to do that, lookii^ just at a time when we pass through 
the ring plane. Of course, with DUS we'll be limited primarily to water vapor, 
methane, and ammoniu, 

D. HUNTEIN: UVS will be loddng for atomic hydrogen, 

D, MORRTSON: I would venture the prophecy that the rings will seem increas- 
ingly important as we learn about oCier ring systems. The differences are so striking 
between Uranus rings and the Saturn rings. We don't know if Neptune has a ring 
system. If there are other ring systems and we find them differing in significant and 
poorly understood ways from the Saturn system, I expect it will increase our motivation 
to understand the Saturn system better. 

D. CRUIKSHANK: I think we need to find <mt if the rings are accreting or if 
they’re a steady state; or if they're slowly cv'.porating, if particles are flawing from 
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tile riis^ ODto tiie afmosplierc of tiie piaaet, or if there is any change in tiie rii^ at 
all tiiat could be diserved by, say, an ^arbiter rather tiian a Ilyfay. 

B. SMITH: Quite apart from the scientific interest ot particle sises in tiie 
so-called E Rii^, if tii^ are the wrong site (mm rai^) it constitates a potential 
hasard for aiqr Saturn orbiter making multiple pa/;ses through that ring plane. I don't 
know how to get tiie answer before SOF^. OnrUi^ the 79/80 ring plane passage we 
should get very reliable measorements of the t^tical thickness from the outer edge of 
tiie visible rings ail the way out to Titan, However, to translate that into particde 
sise is another problmn, 

E. STCXfE; In September 1979, of course. Pioneer 11 will be penetrating the 
ring fdane. If s a stn^^e, one sam|de test of particle sise, 

D. MOREUSON: Because of tiie inelination of Qie rings, stndies brom an orititer 
i^diich Ims a long lifetime be especially valuable. The Of^Mrtumfy to look from 
above, trtnn below, e^e-<m, over a period of years as the tilt changes may allow us 
to answer some qpiestioas tiiat seem difBcult right cow, and that are not going to be 
w^ answered by any sii^e snapshot view. 

I believe timre are people who still question the antiquity of tiie rings, and I 
wonld expect that cme motivating factor b^ind some these dynamical and size 
distribatimi studies mi^t be to umlerstand if the rings have been there since the 
formatiOK, of ti» solar system. 

L. TYLER: I thiidc the radar experimmit on Voyager will determine mean 
particle size and the width of the distribution function. If we can get some scattering 
away from tiie straightforward direction, that is, some phase-angle coverage, then I 
thiidc we can begin to say something about the size distribution referenced to some 
model, but I think it would still be open to question. 

E. STONE; Let's move along to the last, f inal topic which is the magnetosphere. 
George, would you lead <^? 

G. SISCOE; I'd like to start by addressii^ the questiems that have to do with the 
two things about Saturn's magnetosphere that make it interesting in comparisem with all 
tiie otiier magnetosidieres, namely, the presence of Titan and the rings. 

It seems to me that what the Voyagers will do for us is to identify the grossest 
features related to the presence of Titan and the rings. These will tell us what general 
class cf physics to apply, but thry wdll leave undefined most of the impc*rtant details. 

The Iboneer and Voyagers will almost certainly determine for us the magnetic 
field at Saturn, an.^ we will learn from that information whether Titan is inside or 
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oi^de tha tnagneCosQiherc. No matter which it is, the interactiaa with Titan is going 
to he (dportaat and evan intoresting. 

if Titan lies outside the magnetosphere part of the time, then, of course, dtere 
will he a solar wind inft ract^tui. Even in Qiis case, however. Titan will pass throu^ 
the tail of the magnetosphere, and the entire magnetospheric tail population will tfami 
be important as a baundar; conditiaD to Titan physics. 

If Titan lies iaside toe magnetosphere all toe time, there are still two possi- 
bilities; it mi|^ Im tiiat toe solar vdnd coavection sweeps away Titan generated 
particles faster than tiiey diffuse inward, so that toe picture I described before does 
not am^. Then the main magnetospheric particle popolations affecting Titan might be 
solar wind particles that have entered into tiie taU. The otoer possibility is toe one 
tint I described, with a folly involved magnetosphere and a folly engaged Titan torus. 
Tim important ptyrsical parameters in tins case rdate to toe particle transport prob- 
lem, which means the diffosion coefficimit, if our present flunlring on the problmn is 
correct. 

Then going on to the rings, I do not know how well toe Voyagers wQl d^ine for 
us tim inner edges of the particle population, on which informatian is imeded, so tiiat 
we can get a good idea of the absorption boundaries. That measurement should be 
done in detail from a more protracted series of observations from an arbiter. It is a 
very important measnrement tiiat couples the diffusion coefficimit and the absorption 
process. 

The question of the E Ring mi^t be salved in this wc ^ as was noted fay Brad 
Smith, since the particles might disa;3pear faster than they i nould if tiiey are only 
interacting wifli the A R^rtg. Also, f tiiink that the subject th" brought 

up about tile fkix ir/.ei ction i r . tcom the point of view 

of comparative: sind- ; .»»;«-related elcr*". cii « and radio emissions 

rouij .;cii Ir/ -ctigated frem an .>kbitcr. 

0:c would also luce to look very carefully at the effects of srtc'llites other than 
Titan to determine tiie individual particle environments of the i itellit'*?*. As has been 
demonstrated in tiie case of Jupiter's satellites, one can obtain the diffosion coefficient 
at the locatim of tiie orbits from differential measurements across tiie orh't. 

Going on to more general things, it is important from the point of of 
magnetospheTe studies to obtain a detailed morphol<^ of the magnetosphere particle 
populations and th r time variations which cannot be obtained from one or two passes 
through a magnetosphere. One would like to have a long-lived data gathering system 
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to look at vaiiatiara which are probably goiog on at time scales of months, the intrinsic 
time scale of the transport processes. 

E. STtME; The Pioneer 11 trajectory will take the spacecraft inside the L shell 
which is comiected to the outer edge the A Ring; in fact, it will continue on in, into 
ttie C Ring r^on. So Pioneer 11 will, for energetic particles at least, see the mter- 
fiace between the miergetic particle population and the ring materiaL 

What Pioneer 11 will not do is measure the plasma environment at the same 
time. So, in that sense, there is an essential missing ingredient in imderstanding the 
interaction ot the rings. Voyager will not, in fact, get close enough to the A Ring to 
do the job. 

L. COUN: Wl^ do you say the plasma will not be measured? 

E. STONE: The Pioneer 11 does not have a magnetospberic plasma instrument 
on it. There is some chance tiiere may be some plasma information from John Wolfe's 
solar wind instrument, but it will be necessarily limited at best. 

G. SISCOE; Since we will have the Galileo observations Jupiter, the new data 
which would be acquired at Saturn by an orbiter take on more importance because the 
intercompaxlson oi these two planets, which are so much alike in otiier ways, essen- 
tially extends tiieir jmnt value beyond the sum oi the two separately. It would giVh 
very important data uptm which to base a science of comparative magnetospheres. 

D. MORRISON: Why not compare the magnetospheres of Jupiter and Earth? 

G, SISCOE: Because of the gap to run the theories from one to the other. It's 
much easier, for example, to go from Earth to Mercurj', where the theories actually 
appear to allow you to do that. But you can't do that ft’om Earth to Jupiter. There's 
also good reason to think you could do it from Jupiter to Saturn, and so \'Ou could have 
that class of magnetospheres defined and checked. 
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SATURN ORBITER DUAL PROBE 
MISSION 


Rkhani P. Rodd 

Jet Pnfmiaom LmhotMmy, C^tifomim Imsdnae of fecbmology 
Pau^emt, Coiifonric 9IZOS 


ABSTRACT 

Widi the CDOipfetion of cbe of S«nirn by the Pioneer 1 1 ami Vojr^ger 
spacecraft in 1979 and 1981 die reconnaissance phase of the Smun Sfstem 
investigation wai! be completed. The kgicaJ follow on mtssion is one that 
provides the capabilin' for detailed long dotation observations of the 
planet and its satellites. Thb retjoires a Saturn otbiting spacecraft with 
remote sensing capability and a-ith maneuverii^ capability to tour the 
satellites of Saiurr. The described Saturn Orbiter Dual Probe mission and 
spacecraft combines three systems into a multi-purpose Saturn exploration 
package that can satisfy the exploration obiecrives. The ^ncecraft. as 
currendy envisioned, consists of 

(1) Saturn Orbiter 

(2) Saturn Probe 

(3) Titati Probe or Lander 

ThLs siiq^ spacecraft provides the capability to conduct hi sitm measure- 
ments of the Saturn and Titan atmospheres, and, possibly the Titan 
surface, as well as a variety of temrste sensing measurements. The remote 
sensing capabilities will be used to study the surfaces, interiors and 
envirofitnents of Sarum's sMellites, the rings of Saturn. Saturn's magne- 
cosphere, and synoptic properties of Saturn's atmosphere. 


Based on the 1975 report of the Space Science Board (1375), the recommended 
post-Voyager Saturn exploration objectives are: 

(1) Intensive investigation of the atmosphere of Saturn including in situ 
measurements of the chemical composition made with an atmospheric 
probe. 
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(2) Th« detenainatian of regional surface chemistry and prc^erties of the 
sur&oe ioRCUTM d satellifes and properties of ring particles. 

(3) Intrasive investigatimi of die satellite Titan. 

These objectives require* in addition to a Saturn orbiting spacecraft, a Saturn atmos- 
pheric probe and a Titan atmospheric probe or lander. 

This paper discusses an example Saturn Oibiter Dual Prdbe mission 

that satisfies timse eaqdaration objective. The example spacecraft is a multt-punK»e 
Saturn exfdoratian package coisistu^ of three separate spacecraft systems. TTiese 
systmns are: 

(1) Satuni Orbits 

(2) Satuni Probe 
Titan Lander* 

The Saturn Qrbiter is the bus vehicle for ihe Saturn Probe and Titan Lander providing 
all propulsive maneuver capability necessary to deliver each of tiliese vehicles. The 
Saturn Probe is d^oyed from the Saturn approach trajectory and the Titan Lander is 
deployed (riun Saturn orbit. Based m Jupitm* Orbiter Probe (JOP) spacecraft studies 
by JPL and Titan Lander studies by tlm Martin Marietta Corporatimi. the necessary 
mass for each subspacecraft system is: 

(1) Satuni t^rbiter (less prtqiellant taidcs and propellant) ~590 kg 

(2) Saturn Probe hio propulsive capability) ~200 kg 

(3) Titan Lander (no propulsive capability) ~ 225 kg 

The launch time period under consideration is 1986 utilising a single space 

shuttle launch witii the Interim Upper Stage (lUS) booster. This launch year should 

allow adequate time to iimorporate knowledge gained by the Voyager flybys into the 
2 

SOP spacecraft design. This is of particular importance to the design of the Titan 
Lander where the current range of Titan atmosphere models is large. Basad on a 
1986 launch, tiie Saturn delivery mass capability for standard ballistic trajectories is 
inadequate to conduct the desired missimi. A single shuttle launch is capable of 
delivering less than 900 kg to Saturn in this mode. Considering the orbiter prc^ellant 
and tankage necessary to achieve Saturn orbit and perform all other necessary propul- 
sive maneuvers, a delivery mass of apprcndmately 2000 kg or greater is required. 

The exact mass requirement varies as a function of Saturn approach speed, Voo . It 


*Thi$ pafxr refers to the Tiian vehicle is ■ lander, however, a less complicated atmospheric probe is also under consideration 
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would be possible witii multiple shuttle launches (probably 3) with on-orbit stacking of 
rUS to provide the required delivery mass capability with a standard ballistic trajec- 
tory mode. Other Eartb-Satum transfer modes investigated to achieve an adequate 
Saturn delivery mass capability include gravity assist technicpies and low thrust, itm 
drive. The gravity assist mode (VEGA or A VEGA) utilises swingbys of Venus and/or 
Earth to add energy to the spacecraft orbit. Inherent to the VEGA or AVEGA mode is 
a Icmg flight time of 7. 5 to 8 years in addition to the necessity of executing an 
additional proiMlsive maneuver near Earth of approximately 2 km/s. Discussions of 
Oiese gravity assist techniques are contained in Roberts (1975) and Martin Marietta 
Corporation (1976). The low thrust, ion drive mode also has long flight times, 7 to 8 
years, if the current baseline Encke *87 system parameters are used. System per- 
formance improvements could however reduce flight time. In comparison to these 
delivery modes a combined imi drive/gravity assist mode utilizing an Earth swin^y 
was found to provide the greatest Saturn delivery mass capability. Using this tech- 
nique, mass delivery capabilities in excess of 2800 kg with flight times of 6 to 8 years 
are possible. Table 1 summarizes these different Earth-Satum transfer modes. The 


Table 1. 1986 Earth-Satum Transfer Modes 


Option 

Saturn Delivery 
Mass, * kg 

Saturn Flight 
Time, yr 

Saturn Approach 
Speed, Voo 

Mission 

Direct 

Ballistic 

<900 

5.7 

5.4 km/s 

Flyby and probe 
or lander mission 
possible 

Ballistic 

Gravity 

Assist 

2400 - 2600 

7-8 

5.9 km/s 

Baseline Mission 
possible 

Ion Drive 

2100 - 2200 

7-8 

6.0 - 5.0 km/s 

Baseline Mission 
possible 

Ion 

Drive/ 

Gravity 

Assist 

2800+ 

6-8 

7. 5 - 5. 5 km/s 

Baseline Mission 
possible 


♦Saturn Approach Mass, Not Mass in Orbit 
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2 

baseline SOP mission incorporates tiie low tiirust, ion drive mode into its design. 

2 

Major events of ibe baseline SOP missicm are described in Table 2 and illustrated in 
F4[ure 1. Spacecraft launch occurs in 1986 using a single space shuttleAUS combi> 
nation. The spacecraft consists of tiie Saturn Orbiter/Satum Prdbe/Titan Lander 
combination and an ion drive propulsion module. The ion drive module provides low 
tiirust capability for the initial 2 1/2 to 3 1/2 years after launch, at vdiich time it is 
jetUscmed and the spacecraft continues on a ballistic trajectory to Saturn. 

.Approximately 65 days before Saturn encounter the Saturn Probe is separated 
firom the Saturn Orbiter on a pre-established trajectory to enter the Saturn atmosphere. 
The s^raticm conditicHis had previously been established by propulsive maneuvers 
executed tw tiie Saturn Orbiter. Following probe separation, approximately 60 days 
before eocmmter, the orbiter executes another prcqnilsive maneuver to deflect its 
trajectory away Irom Saturn impact. This deflection is accomplished to establish a 
periapsis altitude of four Saturn radii (4 Rg) and to optimize the encounter time to 
maximize the Saturn ITobe to Saturn Orbiter relay link data return capability. 

Figure 2 is an illustraticHi d the prooe entry and the orbiter passing overhead 
receiving the relay link. 

Targeting (^tions for the entry probe are best described" by referring to the 
representative B-plane plot for Saturn Pr<d)e targeting contained in Figure 3. Saturn 
approach is from the north with a major portion of the planet being illuminated. The 
shaded band from the top to the bottom of the figure is the region of aim-points which 
result in an entry on the night side of the terminator. To the right of the band is a 
region of aim-points which miss Saturn entirely while to the left is a region of aim- 
points which result in entry on the daylight side of the terminator. The dot pattern 
shading in the lower right hand comer area of the plot is the region of trajectories 
which pass through the rings of Saturn. The curved edge of this region represents the 
innermost visible edge of the crepe ring. Three arcs (dashed lines) representing 
targeting for entry angles of -10, -20, and -30 degrees are shown parallel to the 
termxnator. Another set of lines labelled from IS^N through 10“S are target points 
for entry at various latitudes on Saturn. The line labelled 0° Is the equator. Any 
trajectory aimed between the equator and the edge of the crepe ring must necessarily 
pass through the ring plane and therefore through any ring particles as yet unobserved 
inside the crepe ring. Therefore, it is preferable, if possible, to land in the northern 
latitudes. For entry angles more shallow than -13 deg, it is not possible to land 
north of the equator. In order to avoid having a steeply inclined orbit and possible 
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Table 2. Baseline Mission Scenario 


Time Relative to 
Probe Entry 

Events 

Comments 

E - 750 days 

Pre-Satum Navigation Maneuver 

AV » 5 m/s 

E - 70 days 

Pre- Probe Separation Nav, 
Maneuver 

AV » 5 m/s 

E - 65 days 

Saturn probe separation trom bus 

Mechanical separation 

E - 60 days 

Bus deflection maneuver 

AV = 77 to 100 m/s 
(probe does not have 
maneuver capability) 

E - 4 to 10 days 

Pre- insertion Nav. Maneuver 

AV = 10 m/s 

E + 0 

Saturn Prouo entry 

Entry angle of 7. 5 deg 

E + 1/2 hr 

Orbiter overhead from probe 

Orbiter and probe have 
same radius vector 

E + 2 1/2 hr 

1 

Insertion into Saturn orbit ol 
periapsis 4 Rs and period 
159.4 days 

AV = 990 to 1963 m/s 

E + 79. 7 days 

Periapsis raise from 4 to 19 Rg 

AV = 590 m/s 

E + 85 to 100 days 

Pre- Titan Nav. Maneuver 

AV + 20 m/s 

E + 159.4 days 

Titan encounter pump-down and/or 
plane change 

Saturn orbit period 
reduced to 31,9 days 

E + 165 to 180 days 

Pre-Titan Nav. Maneuwr 

AV = 20 m/s 

E + 191 days 

Titan lander approach and entry 

40 leg of landed science; 
225 kg Titan approach 
mass 

E + 0. 5 to 1 year 

Satellite/ring tour 

AV = 50 m/s 
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Figim2. Vint’ fiam North Ed^ic Pole of Proit Eiitry 



R-AXIS, km X kP 



Figure 3. Saturn B-plant Mapping, Saturn Probe Entry Design 
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requirements for large plane changes, it is preferable to land as close as possible to 
an R value of 0, that is, near the lower part of the plot. A good aim-point for this 
approach trajectory would thus be for an entry angle of about -30 degrees, and an entry 
just north of the equator. 

The Saturn entry environment is less severe than the Jupiter environment w*tii 

the entry velocity being 27 km/s instead of the 48 km/s at Jupiter. Entry can occur 

at relative flight path angles of -6 to -40 degrees. The maximum axial load in this 

range of flight path aisles is approximately 360 Earth Gs and a maximum dynamic 

2 

pressure of approximately 600 kN/m as compared to JOP's nominal of 385 Earth Gs 
2 

and 800 kN/m . The convective heating rate is approximately 40*^ of a JOP entry. 
Using a JOP stagii^ scheme the Saturn entry to a pressure altitude of 10 bars can be 
up to two hours duration which places stringent relay requirements on the orbiter as it 
flys overhead. Figure 4 illustrates representative relay link margins as a function of 
periapsis altitude and indicates the rationale for selecting a periapsis altitude of 4 Rg. 
A zero link margin is defined as that signal to noise ratio, 10 dB, required to support 
100 bps (a preliminary JOP specification). 

Approximately 2 1/2 hours after Saturn F*robe entry the orbiter propulsion 
system is used to slow the spacecraft, inserting the Saturn Orbiter/Titan Lander 
systems into a Saturn orbit with periapsis radius of 4 Rg and an orbit period of 
approximately 160 days. This is illustrated in Figure 5 as well as other pre- Titan 
landing major events. Near the first apoapsis, (=»184 Rg), approximately 80 days after 
orbit insertion, an orbiter propulsive maneuver is executed to increase the periapsis 
radius to *^19 Rg in preparation for the first Titan encounter to occur approximately 
80 days later. During this Titan encounter, the influence of Titan's gravitational field 
is used to "pump down" the orbit period to 31. 9 days (twice the Titan period) and 
possibly change the plane of the orbit. During one of the subsequent Titan encounters 
the Titan Lander is separated from the orbiter on a pre-established entry trajectoiTr 
for Titan entry and landing. The orbiter then executes a propulsive deflection maneu- 
ver similar to that performed in support of the Saturn Probe deployment. During 
Titan entry and landing, data are relayed to the Saturn Orbiter for playback to Earth. 

If the Titan Lander is intended to survive only a few hours after landing, the orbiter 
could be released after receiving the lander data to begin its satellite/ring tour. If 
the lander is intended to survive for months after landing, the orbiter will continue its 
Titan encounters to receive a ’.ditional from the lander. This assumes there will 
not be any direct playback between the Titan Lander and Earth ground stations. 
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Anud^ for the Titan lancter would be to pro« e it widi a propulsive 
and RF command ?*eception capability. After separation from ibe orbiter tbe lander 
wmld, using its propulsion system, iimert itself into a Titan orbit. After several 
revdutimm, chtring wfaieh Titan is (Served from orldt, the lander enters Titan's 
atmosfdiere and lands tm its surface smaiing bade data to die Satem Orbiter via relay 
lidc. In tills option the Saturn Orbiter wmild probably be in a nearly circular orbit at 
Titan distance (<«20 R^) but inclined with respect to Titan's orbit. This (^tion would 
signiRcanliy increase tiie Saturn delivery mass delivery requirements and could mean 
even longer flight times or require a combination of low thrust and gravity assist 
modes. 

Titan entry speeds for delivery from Saturn orbit range from 2. 4 to 7 km/s. 

For the orbit previously described ^riapsis radius of 19 R^ and an orbit period of 

31. 9 days) the entry velocity is approximately 2. 8 km/s. For comparison purposes, 

tiie entry speed for delivery from Titan orbit varies between 1. 7 and 2, 4 kxn/s. 

Titan appears to be the least difficult of any ci tbe major Solar System bodies 

on wMch to mechanise a land-ng. It is expected that a Titan soft landing can be 

achieved with a lander vehicle of considerably less complexity tbaa, say. the Viking or 

Surveyor vehicles. The current state of knowlec^e of Titen's atmosphere will probably 

not permit the design of a single cost effective lander fur all atmosphere models. 

Surface pressure, just one of many parameters characterizing the Titan atmosphere, 

differs by a factor (rf 500 among the four models being considered. Figure 6. The 

Titan occi»*tation data from the Voyager flybys in 1981 v/ill be most important in hope- 

2 

fully re<kicing the raage of atmosphere models that must be considered for SOP . 

Titan landers can probably be configured without complex attitude or aitihide control 
systems, the most complex device required being a parachute and/or simple touchdo’A'n 
cushion. For the super-thick Titan annosphere model not even n parachute *s 
required. 

Descent trajeciorv profiles for the four atmosphere models are shown in 

Figure 7 for I?nder delivery' from the previously described Saturn orbit. Tbe 

2 2 
ballistic coefficient of 100 kg/m represents a 225 kg lander with a 2. 25 ni aeroshcll. 

Fur these trajectories the maximum axial load is eignificantly less i an tO Farth Gs, 

which is a representative upper limit tiial would not impact lander design. In fact, for 

an entry speed of 2, 9 km/s flight path angles up to -90 deg still do not result .t. axial 

loads of 10 Earth Gs for any of tbe atmosplieres. The shallowest entry angle is 

approximately' -25 deg wb -e skipout cccurs. The maximum axial 1— ;d experienced in 
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VROCHY, bs.. 
Figmrr ' OtMMt PnfJo 


the nominal atmosphere as a function of entn,^ speed, flight path angle air? ballistic 
coefficient is illustrated in Figure 8. For reference the Viking value is shovn on the 
chart. The peak heating rate and integrated heating input lias a minor e'ieot o« lander 
mass. Considering worst case values requires a heat shield of approximately 5^ 
of the lander mass. 

Terminal descent to a landing with a maximum touchdown velocitv' of lO mps is 
possible in all atmospheres with only a parachute. In the super thick atmosphere the 
parachute primarily provides attitude control during descent. In all cases the para- 
chute can be deployed at a 2 km altitude. The thin atmosphere provides the worst 
environment for terminal descent requiring the largest parachute to achieve an accept- 
able (<10 mps) touchdown velocity. It turns out that the parachute size needed for the 
thin atmosphere is almost the same size as the Viking r<trachute. The variation in 
touchdown veloci^ wi+h parachute size or ballistic coefficient is iUusff-ated m Figure S. 
It is readily aiqiarent that parachute size becomes important orJy if the thin atmosphere 
is considered. 
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Fliglit times frtnn entry to tonchdofvm vary from 30 mia to in excess a£ 4 1/2 
hours depending <xi the atmosfrfiere, amroshell ballistic coefficient, parachute sise and 
altitude ci parachute defrayment. If the model atmosphere range can be narrowed down 
it is possiUe to control die time spent in descent proper sizing and staging 
strategies. 

Data transmission from the Lander would be relived throng^ the orbiter vehicle 
as it passes by Titan. If the lander were designed to survive only a few hours after 
landing this r^y would take place during the initial overflight of die orbiter during 
entry aial landing. If the lander were designed to survive for an extended period at 
time the orbiter would pass by Titan periodically to receive the relay from the lander. 
Figure 10 illustrates the variaum in orbiter range and elevatiem as viewed b}- a lander 
on die surface Titan at the anti-Saturn point, a Saturn Orbiter in a 32 day period, 
and 20 periapsis radius orbit that is coplanar with the orbit at Titan. Line of sig^t 
from lander to orbiter is maintained for several days around closest approach for 
relay data transmissi(» purposes. 



Ftgurt 10. iatMm Orhtrr - Tttm Hievalmf. Pay x 2<) R, Orf>rt 
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In order to conduct a satellite tour it is i^essary to make orbit changes using 
gravity assist pumpii^ and cradcing techniques. (X all die Saturn satellites Titan is 
die only <»e diat can be used effectively for these purposes. Large period changes of 
100 ^jrs are possible widi a single micounter as are inc'^nation and apsidal rotation 

changes of 10s of degrees per oicounter. With this capability a tour is possible; 
however, encounters widi odte^ satellites of Saturn will have to be found on trajectories 
udiich are targeted back to Titan. Refermce 2 (Roberts, 1975) contains a detailed 
discussi<m of Titan puminng and cranking capability and also some examples of possible 
satellite tours. 

The information contained in this paper was derived primarily from the results 
of the 1977 Saturn Mission Options Study (Wallace, 1977). This reference contains 
additional details, parametrics and considerations for interested readers. 
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DISCUSSION 


D. MOTJHTSON: Have you gone through any exercises to see how many satellite 
encounters you might get in a year or 18 m(mths in orbit? 

R. RUDD; In a year's time, right now I would be guessing, but I would say it's 
like 3 or 4, not including Titan. 

D. MORRISON: One every second orbit or something of that sort? 

J. CALDWELL: In what ways do you get hurt if you design a probe for a very 
thin atm(»phere and it turns out to be thicker than you expected when \ ou designed it? 

D. HERMAN: You have to uje the ortiter as a relay, so if the descent rate is 
very, very slow, it's conceivable that you lose communication before you can get to 
the lower atmosphere. 

D. MORRISON: At what pressure level does the probe become subsonic and 
start taking data? That's extremely important for us because one of the things we want 
to know from this group is whether a Titan probe is worthwhile. If there is a possi- 
bility of a very thin atmosphere, we don’t know if we can get anj- probe data at all. 

R, RUDD: I don't have an answer to that. 

D. HUNTEN: We need to know, given an atmosphere, let’s say take two 
extremes, one that’s practically pure hj^drogen and one that’s practically pure 
nitrogen, when do you reach Mach 1 slowii^- down, is it at 1 mbar, 10 mbars, or 
a hundred millibars? For Jupiter, it’s 100 mbars, and tiiat's disappointing. It's 
presumably much less for Titan, but the question is, how much less. 

R. RUDD- I will try to get the answer from JFL. (Ansv'er: In the range of 
atmof :rfieres that were studied, the probe reaches Mach 1 at 2-5 mbar. 

J. CALDWELL; Is it possible to arrange the orbit such ihat you intersect Titan 
at different points in Titan's orbi , so that \ ou don't alwnys have to sec the same side 
of Titan. 

R. RUDD; Yes. That will happen .%rith apsidal rotations. 

D, MORRISON: You'd have to rotate the line of apsides, w^hich is a step-wise 
process, in order to look at different sides. You can’t, given just one intersection 
with Titan, arbiti’arily choose to intersect at some completely different point in its 
orbit the next round. 
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ABSTRACT 

This paper reviews (he similaricies and differences of armusphere encr>- 
probe missions, designs and science i^ipropriaie to certain solar system 
objects. In particular, the evolution of techniques and concepts from the 
Pioneer Venus Multiprobe Mission to the Galileo Jupiter Probe leading to 
Saturn and Titan probe concepts is traced. Candidate payloads for Saturn 
and Titan probes are suggested such that maximum inheritances from the 
earlier programs may be realized. It is clear, however, that significant 
Supporting Research and Technology efforts are required to des'elop 
mission-peculiar technology for probe exploration of the Saturnian system. 


INTRODUCTION 

Outer planet atmospheric probe missions have been accorded serious study since 
the early 1970 's. A "common" probe design for application both to Jupiter and Saturn/ 
Uranus has been emphasized. To a great extent these studies were stimulated by the 
Ames Planetary Atmospheres Entry Test (PAET) mission and have benefited from the 
development etibrfs of the Pioneer Venus Multiprobe mission. (There is a certain 
amount of sp’* lover from the Viking Entry Probe and Lander progi^am, but this has been 
minimal due to the relatively benign Mars en^ry cnviromiient. ) 

To a lesser extent, atmospheric probes and landers on Titan 1 ive also been 
studied. Surface penetrators which have been studied mainly for application to Mars, 
have also received prelnuinaiy study for Titan and the Galilean satellites. All of the 
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contemplated missions — Pioneer Venus (PV) Multiprobe, Jupiter Orbiter Probe (JOP) 
(recently designated "Galileo"). Saturn Orbiter with Probes to Saturn and lltan 
(SOP^)- -are severely constrained, particularly with regard to probe wei^t (thus scien- 
tific payload weight) and cost. "Combined" missions, e.g., an all-purpose atmosf^eric 
probe-lander-penetrator concept or even a combination of two of the three alternatives, 
may not be realizable. This is not to say that combinations or very ambitious missions 
would not actually be cost-effective and it is strongly recommended that such 
approaches be studied seriously and the required compromises elucidated at an early 
stage. It is clear that even the simplest mission to Saturn/Titan severely pushes the 
Shuttle/IUS capabilities; therefore new propulsion systems, orbital assembly tech- 
niques, or PV t3Tpe missions, i. e. , separate Orbiter and Probe launches, will need to 
be developed to evolve a cost-effective, scientifically valuable program. In fact. Solar 
Electric F*ropulsion is currently being considered for this purpose. 

The purpose of this paper is to summarize existing programs and studies as 
they pertain to an SOF>^ mission. The results of this Saturn Workshop, particularly 
the feasibility of candidate payloads, will thus have a basis in reality appropriate to 
NASA’s current technological base and anticipated resources for exploration of the 
Satiumian system beyond Pioneer and Vo3rager. 


GALILEO 

The Galileo mission was approved by Congress as a FY 78 new-start in the 
Summer of 1977. Shortly thereafter ter>tdtive scientific payloads were announced by- 
NASA Headquarters. (The Galileo program is managed by JPL and they are also 
developing the Orbiter which will carry the Probe to Jupiter. ARC is managing the 
Probe portion of the mission including development and integration of the Probe exper- 
iments. Only the Probe-related features are discussed in this paper.) Two competi- 
tive Probe system design studies were completed by JIcDonnell Douglas and Hughes 
Aircraft/General Electric in December 1977; an RFP for the Probe development and 
execution phase was issued in January 1978; hardwaie proposals were received in 
March 1978 leading to selection of the Hughes /GE team in June 1978. The Probe 
design, Probe experiments and Probe mission strategy are curr ently in a state of con- 
ceptual design. Thus, we are only able to describe a "baseline" or "strawman" picture 
at this point. 
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Probe Mission Strategy 


Key elements of the Galileo Probe mission are listed in Table 1, which also 
contains a comparison with the PV Multiprobe program. After about 1000 days in 
transit (from a January 1982 launch to September 1984 arrival), the Orbiter will 
release the Probe some 100 days prior to encounter with JiQ>iter. Tho Probe will 
enter the Jovian atmosphere (the entry is defined to begin at 450 km above a pressure 
level of 1 bar; all altitudes below are referenced to this level) near the evening termi- 
nator with a relative velocity of 48 km/s (>100,000 mph) at a shallow relative entry 
angle of -9. 35 at a latitude of 5. 5° S (South Equatorial Zone). Inertial values are 
60 km/s and -7. 5® respectively. After the Probe experiences enormous aerocfynamic 
braking forces and heating during which the heatshield will ablate about half its weight, 
the Probe will deploy a parachute near Mach 1 to slow the Probe rapidly. The forward 
and aft heatshields (i. e. , deceleration module) will then be ejected exposing the descent 
module (currently containing six experiments: see below) to the environment. Scien- 
tific measurements will be made in the pressure range 0. 1-10 bars (~-50 km to 
-100 km) during the next 30 min. The Probe may free-fall below 10 bars continuing to 
make scientific measurements for another 15 minutes to about 20-30 bars (-160 km) 
where the Probe mission will terminate . (Termination will occur due either to thermal 
failure or insufficient Orbiter-to- Probe communications margins.) The main parachute 
size (~2 m) and its jettison time will be selected to ensure this pressure range-time 
goal (based on a "nominal" atmosphere defined by the Galileo Project Science Group). 
Certain limited experimental data will also be collected prior to entry and during entry 
into the sensible atmosphere above 0. 1 bar. These data will be stored on the Probe to 
be transmitted together with the lower atmosphere data back to the overflying Orbiter 
(~4 R_ range) for trai aission to Earth. 


Probe Design 

Key elements of the Galileo Probe design are listed in Table 2, which also con- 
tains a comparison with the PV Probe's features. The Galileo Probe consists of a 
quasi-spherical descent module of 80-90 cm base diameter containing the scientific 
instruments, encased in a deceleration module consisting of a conical forward and 
spherical aft heatshield. The forward shield will be about 120 cm base diameter and 
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Table 1. Comparison of Mission Factors 



Pioneer Venus 
Large Probe 


Pioneer Venus 
Small Ihrobe 

Galileo 

Probe 

Launch Date 


Aug’ist 1978 


January 1982 

Laiinch Vehicle - Type 


Atlas/Centaur 


Shuttle/IUS 

- Capability, kg 


910 


1500* 

Trajectory Type 


I 


II 

Transit Time, Days 


125 


1049* 

Encounter Date 


December 1978 


September 1984* 

Entiy Speed, km/s 


11.6 


48. 3** 

Entry Angle, deg 

-25 to -45 


-20 to -75 

-9. 35 

Maximum Deceleration, 

315 


190 to 550 

320 

Descent Regime - bars 


0.07 to 100 


0. 1-10 (20-30) 

- K 


232 to 750 


110-350 (400-450) 

Descent Time, min 

55 


57 

30 (45) 

Descent Velocity, m/s 

55 - 10 


70 - 10 

400 -50 


*1800 KG, 1275 days and November 1984 for a Mars gravity-assist strategy (recently determined to be required 
to meet total mass constraints) 

♦♦relative to atmosphere; inertial velocity is 60 km/s 
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Table 2. Comparison of Probe Designs 



Pioneer Venus 
Large Probe 

Pioneer Venus 
Small Probe 

Galileo 

Probe 

Mass - Total, kg 

314 

90 

250 

Science, kg 

29. 3 (34 max) 

3. 5 (4 max) 

21 (25 max) 

Science Volume, cc 

31625 (40000 max) 

3110 

24400 (27000 max) 

Science Power, W 

92. 8 (106 max) 

9. 8 (j.0 max) 

48 

Science (and s/c) Data, b/ps 

256/128 

64/16 

150 

Store, bits 

3072 

3072 

32000 

Heatshield - Type, Fore 

Carbon Phenolic 

Carbon Phenolic 

Carbon Phenolic 

Aft 

low dens, elastomeric 

low dens, elastomeric 

phenolic otylon 

- Mass, kg 

33 

9 

100 

Pressurized, psia 

8-30 

4-30 

No 

Staged 

Yes 

No 

Yes 

Base Dia, cm 

142 

76 

120 

Half-Cone Angle, deg 

45 

45 

45 

Radiation Protection Requirements 

No 

No 

Yes 

Communications Link 

Direct 

Direct 

Relay thru Orblter 



will be a spherically tipped cone some 45* half-angle. The height of the Probe is iibout 
90 cm. The total Probe weight is 250 kg (maximum) accommodating some 21 kg 
05 kg max) of scientific instruments. The heatshield itself weighs about 100 kg (total) 
and is ablated significantly by the severe heating peculiar to Jupiter entry. The 
descent module is vented in a controlled fashion to the ambient environment. 


Scientific Inst.-uments and Objectives 

There are six experiments selected tentatively for the Galileo Probe. These 
ai*e listed in Table 3 and compared with those being flown on PV. Key instrument 


Table 3. Probe Experiments 



Pioneer Venus 
Large Probe 

Pioneer Venus 
Small Probe 

Galileo 

Probe 

Temperature i 

1 



Pressure ^ 

Experiment j 

l 

X 

X 

.Acceleration j 

1 



Neutral Mass Spectrometer 

X 


X 

Gas Chromatograph 

X 



Helium Abundance Detector 



X 

Solar Flux Radiometer 

X 


• 

Infrared Radiometer 

X 


1 

Net Flax Radiometer 


X 

) 

Nephelometer 

X 

X 

X 

Cloud Particle Size Spectrometer 

X 



Lightning Detector 



X 


7 

O 

%j 

6 
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characteristics are listed in Tidble 4. The major features and scientific objectives 
are discussed belo«'. Final confirmatian tiie mq>eriments is expected in October 
1978. 

Temperature, Pressure, Acceleration (PI: Alvin Seiff/Ames Research 
Center) - Together tljese measurements comprise the Atmospheric Structure Experi- 
ment. The experiment consists of a temperature sensor and pressure transducers 
exposed to the ambient flow during die descent regime ^iielow 0. 1 bars), a 3-axis 
accelerometer located at the descent module center-of-gravity operating during both 
entry and descent, and associated electronics. The primary objective is to reconstruct 
atmosidieiic state profiles (pressure, temperature, density) frmn the p<wt adiere die 
sensible atmosphere is detectalde (-^10 g^) to end of missicm. Secondary objectives 

include determination of atmospheric mean mc^cular wei^t, horizcmtal wind velocity 
and wind shear (requires Doppler tracking), neutral flow velocity and turbulence 
intensity and scale. 

Xeutral Mass Spectrometer (PI: Hasso Niemann/Goddard Space Flight 
Center) - The instrument consists of a quadrupole mass ^lectrometar operating over 
the mass range 1-52 AMU plus two hi^^r mass numbers (probably 84 and 131 AMU 
(Kr and Xe)). The primary objectives are to determine vertical variations of die 

Table 4. Key Galileo Probe Science Instrument Characteristics 


Instrument 

Mass 

KG 

VOL 

cm^ 

Avg Pwr 
w 

Descent 
Data Rate 
BFo 

Atmosphere Structure (T, p, g) 

3.0 

3600 

6 

2C.5* 

Neutral Spectrometer 

9.5 

9400 

18 

28 

Helium Abundance Detector 

1.2 

2400 

1 

2 

Net Flux Radiometer 

3.0 

3500 

6 

16 

Nepheloroeter 

2.5 

3000 

5 

8 

Li^tnii^, Radio Emissions 

1.8 

2000 

2 

5* 

*Does not include pre-entry /entry requirements. 




/I 

( 
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chemical composition of (he Jovian atmosphere within the above mass range with a 
threshold of about 10 or 10 ppb mixing ratio. An enrichment ceil system is used to 
increase die ratio a£ minor to major coi^tituents for analysis of trace constituents and 
(he determinatian of some isot<^ ratios in a few samples. Noble gas concentration 
and isotope ratios are also to be obtained throu^ the use of scrubbers. Samples are 
ingested into the system through direct glass -capillary pressure- reducing leaks con- 
nected to an inlet system located near the Probe stagnation point. 

Helium Abundance Detector (PI: Ulf von Zalin/Univ. of Bonn) - This is 
another compositicm device dedicated to precise (0. 1%) detenninatioQ of the He/H^ 
ratio in the Jovian atmosphere. A Jtqiiter atmosphere sample is ingested into a cell 
contained within the Probe. A miniature optical interferometer is used to compare 
tfae refractive index of this sample to that of a reference gas mixture ctmtained within 
the Probe. Measurements are made in the ra'- je 3-8 bars cmly. 

Net Fhix Radiometer (PI: Robert Boese/Ames Research Center) - This 
experiment consists of a mulUcfaaimei radiometer (0.3-30, 0.3-2000, 20-30, 30-40, 
40-60 micrometers pins possibly two other channels) measuring ambient radiation in 
50° cones alternately centered db50° from the Probe horizontal. The primary objectives 
are to measure tfae net flux ci solar eaiergy (assuming a dayside entry) and planetary 
emission, determine locatirn of cloud layers, measure mixing ratios of selected con- 
stituents and to study the opacity of clouds and aerosols. 

NeiAeiometer (PI: Boris Rageot/Ames Research Center) - This experiment 
consists ol a single-wavelength, multiple-angle ^) scattering nepbelometer. The 
primaiy objectives are to determine tfae vertical extent, structure and microphysical 
characteristics (particle size distribution, number density, physical structure) ot fee 
Jovian clouds. 

lightning and Radio Emission Detector (PI: Louis Lanzerotti/'Bell Labs) - 
rhis experiment consists of both electromagnetic and optical sensors. The former 
operate in the frequency domain (3, 15, 100 kHz narrow band) and the time domain 
(1 Hz- 100 kHz; 16 s resolution). A ferrite core coil is used as an antenna. The 
optical sensor is a photodiode cminected to a lead-glass fisheye lens. The primary 
objectives are to determine if hghtnii^ exists on Jupiter and measure basic physical 
characteristics; determine scale size of cloud turbulence; study electrification; look 
for evidence of precipitation, sources of heat and acoustic shock waves; measure RF 
noise levels. As a secondary abjective, the electromagnetic sensor will be operated 
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pre-entry, beloer 3 altitiide, to measure the component of Jupiter's magnetic 
field perpCTdicular to the PnAie spin axis. 

This brief summary of experiments <m the Galileo Probe is provided as back- 
gromki to aid in selecticn of candidate p^loacte for Saturn and Titan atmosidieric 
Probes. There are other potential experiments of course, some of which have already 
been prx^KMed. A listing of both Category 1 experiments and ncn-Catcgory 1 experi- 
ments proposed for Galileo is givmi in Table 5 and some are discussed briefly below. 


Gas Chromatograph 

This potentially very valuable compositimi experiment (particularly for the 
study heavy organic molecules at sensitivities <d’ about 1 ppb) was not chosen for 
Galileo primarily because resource ccmstraints (mass and dollars). 

Table 5. Galileo Proposed Probe Experiments Not Selected 


Catetoiy I Mass, kg 

Gas Chromatograph* 4-S 

Energetic Particle Detector 1-2 

Ion Mass Spectrometer* 3-4 

Neutral Mass Spectrometer (Aeronomy)* 4-5 

Electron Temperature Probe* 2-3 


Non-Category I 

Alpha-Scatter Composition Detector 
Microwave Radar Precipitation Detector 
Cloud Imager 
Magnetometer* 

Retarding Potential Analyzer* 
Ortbo/Para Ratio 


*PV derivatives 
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Ehiergetic Particle Detector, Ion Mass Spectrometer, Neutral Mass Spectrometer, 
Electrcm Temperature Probe 

These very valuable radiation and aeronomy instruments would operate in the 
pre-entry regime (ionosphere and magnetosphere). One or more of these may yet be 
added to the Galileo payload prior to payload confirmation. 


Pioneer Venus Comparisons 

Tables 1, 2, 3 and 4 contain some useful data comparing PV and Galileo with 
regard to mission factors. Probe designs and experiments. The inheritances provided 
to Galileo by PV have been important and we are certain those provided to the Saturn 
and Titan Probes by Galileo will also be. 

Major mission factor similarities and differences are highlighted in Table 1. 
Although the Shuttle/IUS launch capability (1500 kg, or 1800 kg with a Mars gravity- 
assist) is significantly greater than that of the Atlas/Centaur (910 kg), the additional 
mass plus a good deal more, is ccmsiuned by Galileo Orbiter requirements compared 
to the FV' bus (Fly-by) because of the orbit insertion/ ope raticms requirements. The 
order-of-magnitude longer transit times (1049 or 1275 vs 125 days) for Galileo trans- 
late into more stringent reliability requirements for the experiments and Probe sub- 
systems. However, the most significant difference between the tw'o Probe missions 
results from the tremendous entry speeds of the Jupiter Probe (48.3 km/s) in a Hg-He 
environment versus the Venus Probes (11. 6 km/ s) in a CO^ environment. Note that the 
difference lies not in the structural requirements for surt'ival (g-loading is similar) but 
in the entry heating or thermal protection requirements. This will be further discussed 
subsequently. Note also that although the entry rtxjuirements are more severe at 
Jupiter, operation in the descent regime is more benign. Galileo P^obc operation will 
terminate at about 30 bars and 450 K after 45 mins, whereas the P\' Probes will oper- 
ate for about 60 minutes reaching 100 bars and 750 K. 

Referring to Table 2, the Galileo Probe mass (250 kg) is between the PV' Large 
Probe (314 kg) and Small 1-Tobe (90 kg), the increase in heatsheld being offset by no 
pressure vessel penalty. The same is true for the pertinent science parameters (mass, 
volume, power, data rate). The much more severe entry requirements for (jalileo are 
reflected in the much higher required heatshield weights (100 kg or 40'7 of Probe mass 
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compared to 33 and 9 kg for the PV LP and SP respectively). The design of the 
heatshield is the single most important concern of the Galileo program. On the other 
hand, the more benign descent environment on Jupiter permits the use of a vented 
probe, with attendant savings, hopefully, in instrument design and possibly simpler 
thermal control considerations. Added (hMculties at Jupiter, not thought to be of the 
same magnitude as entry beat protection, are the requirement for>>survival through 
the radiatioi- belts of Jupiter, and design of the probe-to-orbiter RF link sufficient to 
perform satisfactorily in the poorly luulerstood absorbing atmosphere and cloud 
enviroam^t. 

Referring to Table 3, cne sees the experiment inheritance provided to Galileo 
by PV. The Gas Chromatograph axid Cloud Particle Si 2 e Spectrometer were the <mly 
PV experiments not carried over to Galileo; however, two new Jupiter- oriented experi- 
ments were added to Galileo. The multiple- scattering-angle nephelometer on Galileo, 
compared to die backscattering only nephelometer on PV, will proride much of the 
types of data potentially available from the Particle Size Spectrometer; as mentioned 
earlier there is no true counterpart mi Galileo of the PV Gas Chromatograph. 


SATURN/TITAN PROBES 

Only very preliminavy studies of Probe missions to Saturn and its satellite. 
Titan, have been perfoiined. There are, of course, many options and all must be 
given adequate study to determine an optimum strategy for exploration of the Satur- 
nian System. The options range from a simple flyby bus that would carry a simple 
atmospheric probe to Saturn and/or Titan to a sophisticated orbiter that targets a 
sophisticated atmospheric probe to Saturn and a combination atmospheric probe-lander 
to Titan. From a Probe standpoint, this range of options allows a broad spectrum of 
possibilities. For the purposes of this paper, we have adopted a middle ground within 
the range of options and focus on a SO P^ -type mission which is derived from and thus 
benefits directly from the Galileo experience. However, scientific payload options are 
suggested for a more sophisticated mission as well. 
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A Candidate "Baseline" SOP^ Alission Strategy 

Hie "baseline" SOP^ mission encompasses atmospheric Probe exidoration of 
both Saturn and Titan and a Saturn Orbiter with multiple satellite encounters, with 
launch in 1986. The mission can be accomplished by the addition of a Titan Prdae to 
the Galileo Orbiter, which, we believe, can be ad<fed without extensive alteratUm to 
the Orbiter, and by the use of the Galileo Probe with a lighter weight heatshield and 
associated structure as the Saturn Probe. Therefore costs should be held to a mini- 
mum throu^ extensive inheritance of Galileo Orbiter and Probe and perhaps the 
scientific instrumentation aboard at least the Saturn Probe. One possible SOP^ mis- 
sion sequence is listed in Table 6. 


Probe Design Requirements 

For tbe SOP^ missiem described above, typical entry coulitions for the Probes 
are listed in Table 7, compared with the Galileo Prebe. Note that whereas the Galileo 
Probe must be targeted to a shallow entry angle to minimize peak heating while still 
avoiding skip-out, the greater eptemeris uncertainties associated with Saturn and Titan 
require much steeper entry angles. Despite this, requirements for structural survival 
and entry heat protection are much simpler for Saturn than Jupiter and are trivial 
for Titan. Table 8 lists the potential Probe, Science and Heatshield masses and com- 
pare® these with the PV and Galileo Probes. The differences in Saturn and Titan 
Probe masses are illustrative only. Other mixes are Indeed feasible. 


Candidate Payloads 
Saturn Probe 

At this point it seems plausible to consider the PV and Galileo Probe instru- 
ments as reasonable candidates for tlie Saturn Probe (see Tables 3, 4 and 5). Note 
that the 20 kg capabilitj- for the latter compares well with the Galileo payload of 
21-25 kg (Table 8). 
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Table 6. Nominal SOP^ Mission Sequence at Encounter 


• Target spacecraft for Saturn atmospt^re entry point 

• Separate Saturn Probe 

• Retarget for near-equatorial Saturn orbit with = 3R (outside 

rings) ^ ® 

• Transmit Saturn Probe entry and descent data to orbiter for trans- 
missicm to earib 

• Perform Satum-orbit injection to apoapsis for Titan-commensurate 
period (~144 days) 

• Raise periapsis radius R^ for Titan encounter 

• Separate Titan Prdt>e (AV on probe for entry)* 

• Transmit Titan- Probe entry and descent data to orbiter 

• Pump down to 32 day orbit 

• Perform orbital maneuvers as recpiired for remainder of missicm 

*May follow pump-down to 32-day orbit 


Table 7. SOP^ 


and Galileo Probe Entry Conditions 


Saturn Titan Jupiter 


Entry Velocity (Rel) - km/s 

29 

6 

48 

Entry Angle (Rel) - deg 

-30 

-60 

-9.35 

Maximum Decel - g^ 

365 

11 

300 

Peak Heating Rate - KW/cm^ 

3 

0.1 

40 
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Table 8. Compariscai of Probe Designs 



Saturn 

Probe 

Titan 

Probe 

Pioneer Venus 
Large Probe 

Pioneer Venus 
Small Probe 

Galileo 

Probe 

Total Mass, kg 

143 

110 

314 

90 

250 

Science Mass, 

20 

20 

29.3 

3.5 

25 

% 

14.0 

18.0 

9.3 

3.9 

10.0 

Heatshield Mass, bg 

37 

9 

33 

9.5 

100 

% 

26 

8.2 

10.5 

10 

40 


Titan Probe 


The Ames Research Center has embari?ed on a six-month Phase A study 

2 

of a Titan ” Probe” applicable to a potential SOP mission. The options to be studied 
are listed in Table 9. The minimum Probe ( kg) would be an atmospheric probe 
only (note that this minimum weight is now thought to be more realistic than the 110 kg 
shown in Table 8 considered by Martin- Marietta earlier). A somewhat more complex 
probe (~215 kg) would permit several hours operation at the surface after completf :;:; 
the atmospheric phase. Finally, a fully combined atmospheric and surface-oriented 
probe (100 kg) might survive for several months. The candidate payloads are si^- 
gestive only, but are hopefully representative and compatible with the total payload 
weights. The actual candidate payload list for the stuc^ will be selected as a result 
of the Workshop. 

The most recent, in-depth study of a Titan Probe mission w'as performed by 
Martin-Marietta (A Titan Exploration Study - Science Technology and Mission Planning 
Option, Vols. I and II, Final Report, NASA CR 13 7847, Contract NAS 2-8885, 

June 1976). The following candidate payloads are abstracted from that study and are 
based on significant personal interactions of Martin-Marietta personnel with the 
scientific community. Table 10 lists candidate Titan atmospheric probe instruments. 
The blocked list is basic and fits reasonably well the capability given in Table 8. 

Table 11 lists a candidate Titan lander payload and Tabl3 12 a Titan penetrator payload. 
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Table 9. Titan Probe Matrix 




Scope 


Element 

Approach and 
Atmosphere 

A{^roach, 
Atmosphere and 
Short Surface 
Operation 

Approach, 
Atmosphere and 
Long &irface 
Operation 

Mass, kg 

<175 

<215 

<400 

Operation 

Can "die” at impact 

Impact plus several 
hours 

Impact plus several 
months 

Payload 




Atmosphere 

P, T, Accelerometer 
Neut. Mass Spec. 

Gas Chromatc^raph 
Cloud Sensor 
Net-Flux Radiometer 

P, T, Accelerometer 
Neut. Mass Spec. 

Gas Chromatograph 
Cloud Sensor 
Net-Flux Radiometer 

P, T, Accelerometer 
Neut. Mass Spec. 

Gas Chromat^raiA 
Cloud Sensor 
Net-Flux Radiometer 

Surface 


Impact Accelerometer 
ap, X, Neutron, 
y Spectrometer 

Impact Accelerometer 
a P, X, Neutron, 
y Spectrometer 

Environment 



Meteorology 

Pictures 

Active Sampler 

DTA 

GCMS 


Recommendations 


Given the current state of knowledge of the Saturnian system, and the extra 
knowledge expected from the Pioneer and Voyager fly-bys, and given our current 
spacecraft. Probe and scientific instrument technological capabilities a few general 
observations suggest themselves. The major scientific questions associated with the 
Saturn atmosphere and Titan atmosphere closely parallel tiiose associated with Jupiter 
and Venus. Thus the Galileo Probe payload should match nicely the payload required 
of a Saturn Probe and a Titan Atmospheric Probe. The major deficiency is a Gas 
Chromatograph. It is recommended tiiat SRT studies be supported to develop and 
maintain our GC competence. 
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Table 10. Titan Atmospheric Probe Science Payload 


Instrument Characteristics 


Atmospheric MS 
Organic MS 
GC 

UV Riotometer 
Accelerometer 
T, P Transducers 
Impact Transducer 

Expanded Organic Analysis 
IR Radiometer 
Visible Light Monitor 
Nephelometer 

Cloud Particle Size Analyser 
Ion MS 

RPA or Plasma Probes 

X-ray Fluorescence Spectrometer 


1-50 AML, 3 measurements/scale height 
50-250 AMU, 1 measurement/ scale height 
1-3 analyses, up to 3-carbon 
Solar Pointing, 220, 260, > 280 nm bands 
Entry 

3 measurement/scale height 
Surface location, penetrability 

IR balance 
Solar pointing 
Galileo 

Pioneer Venus 
Ionosphere Measurement 
Charged particles in ionosphere 
P, S, Cl, Ar Detection 


With regard to Titan surface measurements, unique problems exist. Firstly, 
knowledge of surface characteristics is so poor that it is probably unwise to plan, in a 
first mission, for a penetrator payload or even a very sophisticated lander payload. 

The best compromise appears to be a Titan Probe that is primarily atmospheric- 
oriented yet incorporates a minimum of surface observations intended to facilitate 
design of the next exploratory effort (i. e. , the mid-range probe shown in Table 9), 
Again the Galileo-derived scientific instruments should apply well to the atmospheric 
portion of the payload. SRT studies are required to develop the surface-oriented 
payload. 

Examination of the Titan Probes will doubtless turn up a few significant fea- 
tures which do not derive from PV or Galileo. In the case of the long duration Probe, 
in particular, truly severe thermal control problems will arise because of the temper- 
ature (and winds?) uncertainty. Also electrical power requirements will differ greatly. 
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Table 11. Titan Lander Science Payload 


Instrument 

Characteristics 

Combined GCMS/Life Detection 

Viking GCMS + Kok experiment 

Meteorology 

T, P, wind 

Sunli^t Monitor 

Visible, UV? 

Imagery 

One panorania 

Suiiace Sampler 

Scoop/Chisel (viscid surface?) 

Wet Chem. Amino Acid Analysis 

ABLDI 

Expanded Organic Analysis 


Seismometer 

Passive, Active? 

Neutron Activation, Scatter 

Elements, Isotopes 

Passive Gamma-ray Spectrometer 

K, U, cosmic ray, nuclides 

XRFS, X-ray Diffraction 

Heavy elements, crystal structure 

Heat Flo\v 

Temperature, gradient, thermal conduction 

Microwave Radiometer 

Subsurface temperature profile 

Sonar Soimder 

Layer detection 

Drill Sampler 

1-10 m 

Particle Size Analyzer 

Regolith characteristics 

Age Dating 

Ices, organics? 

Upper Atmosphere Life Detect. 

Sampler 

Listening Devices 

Audio, EM, lightning, thunder 


A major requirement at an early date is for an in-depth tradeoff analysis of 

2 

SOP mission options given a Shuttle/IUS propulsion system and advanced propulsion 
systems, e.g. Solar Electric. At this point it is impossible to intelligently "size" 
the mission, i.e. , allocate mass between Orbiter, Saturn Probe and Titan Probe 
spacecraft and science instruments. 
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Table 12, Titan Penetrator Science Payload 


Instrument 

Characteristics 

Mass 

(Kg) 

Power 

(Watts) 

Accelerometer 

Physical Properties of Surface Material 

0.3 

1.0 

Temperature Array 

Soil temperature, thermal conductivity 

2.0 

0.1 

MS 

10-300 AMU 

6.5 

27.5 

Expanded Organic Analysis* 
Passive Seismometry 

Viking 

8.8 kg 

28.6 W 

Active Seismometry 

Explosive Charges 



Neutron Activation 

Elements, Isotopes 



Passive Gamma-ray Spectrometer 

K, U, Activated Nuclides 



XRFS 

Elements 



X-ray Diffractometer 

Crystal Structures 



Heat Flow 

Temperature Profile 



Magnetometer 

Sensitivity? 




*The following instruments are optional 



GALILEO ORBITER SPACECRAFT 
AND INSTRLTMENTATION 


Davi<l Vorrisoo 

QO 'ice o f Space Science 
MASA Head^u^rten 
Wathington. DC 20546 


ABSTRACT 

The C^ileo Jupiter orbiter and its science ins’estigations ate briefly 
described as a baseline design for a Saturn orbiter. 


INTRODUCTION 

2 

An essential element of the proposed SOP mission is a long-lived Saturn 
orbiter. The orbiter spacecraft will release the atmospl^re probes to botii Saturn and 
Titan and will serve as the relay point for transmitting the probe data to Eai^ it will 
' then remain in orbit for twe or more years investigating the planet, its rings and 
satellites, and its magnetosphere. 

2 

As presently envisioned, the SOP orbiter is modeled cla^’ely on the Galileo 

2 

Jupiter orbiter, just as the SOP probes are expected to be derivatives of the Galileo 

probe (Colin, 1978). In this paper, I briefly describe the Galileo orbiter and its 

scientific investigations as examples of the type of spacecraft and associated science 

that could be launched to Saturn in the mid-1980's. It is important to note, however, 

that these Galileo designs are not fixed at the time of this writing (spring 1978), aiK) 

that in any case signficant modifications, (Mu:ticulariy in scientific experiments, cmild 

2 

be accommodated for SOP . 
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THE GAULEOSPAC^RAFT 


'Hie Galileo orbiter is a new d^tarture in planetary spacecraft. In the past, 
tiiese spacecraft have beat either three-axis stabilised (the Bfarinet /Voyager class) 
or spin stabilised (the Pioneer class). The Mariner vehicles are optimised for remote 
sensing, since tiiej' are hi^y stable platforms from which pointed experiments, such 
as Hiose involving cameras and spectrometers, can be carried out. They are also 
capable of highly controlled maneuvers when necessary. The simple spinning space- 
cr;Jt, in contrast, provide a superior base for {Articles and fields experiments, winch 
imed to scan many directions rapidly to char^terize the space mivironment the 
spacecraft. The Galileo orbiter is designed to incorporate both spinning and stable 
mounts for scimitific experiments. 

The iHilk of the Galileo orbiter is designed to spin around an Earth-oriented 
axis at several rpm. Included in this spinning section are toe large telemetry antoma, 
toe selmiide radioisott^ power generators, the retrt^opulsion system, ami most of 
toe ^>acecraft structure and electronics. Attached to this spinning spacecraft is a 
despon platform for remote sensing instruments, wito a connecting bearing across 
which power and telemetry signals can be transmitted During cruise or when the 
propulsi<m engines are being used, this des{xm section can be spun-up to rotate with 
the rest of the spacecraft. 

The Galileo communication system makes use of an S-band (about 12 cm 

wavelength) uplink, or co.nmand system, and both S-band and X-band (about 3 cm 

wavelength) downlink capabilities. The bulk of the science data will be transmitted at 

X-band using an Earth-directed 4. 8-meter antenna with a beam-width of less than a 

degree. The maximum data rate from Jupiter is 115. 2 kilobits per second. With 

even modest improvements in transmitting and receiving capabilities over the next few 

2 

years, at least a comparable data rate should be achieved by SOP from Saturn. 

The Galileo retropropulsion system used to insert the spacecraft in orbit and 

to modify the orbit subsequently is being provided by the Federal Republic of Germany. 

This engine has a thrust of 400 Newtcms, and a substar tial fraction of the orbiter mass 

consists of fuel for orbit insertion and navigation needed for close flybys of the 

2 

Galilean satellites. If SOP uses an ion drive engine, the burden on the chemical 
retrc^ulsion system is somewhat decreased. 

Science experiments are mounted on both the spinning and despun sections of 
toe Galileo orbiter. The magnetometer and plasma wave experiments are on a long 
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spinning boom, while oflier particles and Helds experiments are mounted closer to the 
spin axis. Oi tiie despun section, a scan platform provides the base for the imaging 
camera and the oHier remote sensing telescopes diat are bore-sighted with it. The 
expected absolute pointing accuracy is 0. 2 degree, with short-term jitter of less than 
0,1 degree. 


GalUeo Scientific Investigations 

A science payload for Galileo was tentatively selected in August 1977, with 
determination of the final selection scheduled for October ol 1978. The description 
given here refers to the tentative selection and may not represent the Hnal Galileo 
payload. 

Seventeen investigatimis were selected for Galileo, sixteen involving instru- 
ments, and (me dealing with the scientiSc capabilities of the radio-telemetr>' system. 
Six (rf diese are probe Investigations, as described in the companiem paper by Colin 
(1978). The other ten are on the orbiter. These experiments are listed in Table 1 and 
briefly described below, beginning with those on the seen platform. 

Table 1. Tentatively Selected Science Investigations for the 
Galileo Jupiter Orbiter 


PI 


Investigation 


M. Belton, Kitt Peak 
R. Carlson, JPt. 

C. Hord, U. Colorado 

A. Lacis, Goddard Institute 
M. Kivelson, UCLA 

D. Gumett, U. Iowa 
L. Frank, U, Iowa 

D. Williams, NOAA 
R, Grard, ESTEC 

E. Gruen, MPI Kemphysik 


Imagii^ (CCD, 1500-mm focal ler^th) 

Near Infrared Mapping Spectrometer 

Ultraviolet Spectrometer 

Photopolarime'cer /Radiometer 

Magnetometer 

Plasma Wave Spectrometer 

Plasma 

Energetic Particles 
Electron Emitter 
Ihist 
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The Imafing bvestigatian is actually a series of related investigatioDS being 
carried out an Imaging Science Team consisting of thirteen individually selected 
scientists. The camera is provided by NASA. The optics, a 1500-mm focal length 
catadioptric telescope and 8-position filter wheel, are Voyager hardware. However, 
Galileo will be the Hrst planetaiy’^ spacecraft to use the new CCD Charge coupled 
d'ivice) detectors, with their high quantum efficiency', linearity', large dynamic range, 
and extendi infrared resporsivih'. The Galileo camera will use an 800 x 800 pixel 
ftame, with a resolution of 20 microradians per line pair. 

Also on the scan platform ' ? the XIMS, or Near-Infirared Mapping Spectrometer. 
This instniment is desigiied primarily* to identify and map mlneralogical units on the 
Galilean satellites, but it will also be used for cloud studies and temperature sounding 
of the Jovian atmosphere. Its spectral sensitivity covers most of the infrared reflec- 
tance region where diagnostic spectral features of ices and silicate minerals appear. 
The spectral resotvii^ power is about 100 and the angular resolution is 0. 3 milli- 
radians. Galileo is the first spacecraft to carry a NIMS-type instrument. 

A Fastie-Et-3rt ultraviolet spectrometer (U\’’S) is bore-sighted with the imaging 
and ?^IS telescopes. This UVS is designed primarily to study* die composition and 
structure of the upper atmosphere of Jupiter and the tenuous atmospheres the 
satellites. The wavelength range is from 110 to 430 nm, wifli spectral resolution <rf 
about 1 nm. Similar spectrometers have been flown before on Pioneer Venus and 
Voyager. 

The final scan-platform instrument is a photopolari meter ^radiometer, designed 
primarily* for study of cloud and haae properties on Jupiter. A 10-cm telescope and 
16-position filter wheel allow measurements in a number of spectral bands in the 
visible and near-IR. A similar instrument is on F>ioneer Venus, while other photo- 
polarimeters have flow’n to the outer planets on Pioneers 10 and 11 and Voyager. 

The next four instruments in Table 1 '^tain coordinated data aimevi at under- 
standing the physical dynamics of the Jovian magnetospliere and the plasma processes 
that affect it. AH have major inheritance from Voyager, Pioneer Venus, -nd other 
planetary and Earth-orbiting spacecraft. First of these is the Magnetometer, mounted 
on a boom on the spinning part of the spacecraft. Dual triaxial fluxgate magneiom- 
eters are used, sensitive to magnetic fields over the dynamic range from near 1 
milligamma to as high as 16 kilogamma. 
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Also moonted on the magnetometer boom are the antennas for the nasma Wave 
Spectrometer, which directly measures the varying electric and magnetic fields in the 
Jovian plasma. Frequency range is from 6 Hz to 300 kHz. 

The Plasma investigation will measure both positive ions and electrons in flie 
(4as^ea over an energy range from 1 eV to 50 keV. Energy spectra will be determined 
as A function of direction over essratially the entire celestial sphere. Miniature mass 
spectrometers will also identic several major i<mic species, including several compo- 
nents a[ the extended atmosphere (A lo. 

An Energetic Particles experiment, also mounted on the spinning section of the 
Galileo orbiter, consists of a series of particle telescopes to determine the energ\' and 
angular distribution protons, electrons, and ions iraoped in the Jovian magneto- 
sphere. The energy ranges up to 11 MeV for electrops and 35 MeV per nucleon for 
ions. This experiment can also measure the composition of the trapped ions from He 
through Fe. 

The final two experiments are also mounted on the spinning part of the orbiter. 

The Electron Emitter is designed to clamp the spacecraft potential to that of the 

surrounding plasma. The Dust investigation has the goal of determinii^ the physical 

and cKniamical properties of small dust particles or micrometeorites in the Jovian 

environment. Mass, velocity, and charge can be determined over the mass range from 
*—10 “6 

10 to 10 gram. This is a much higher sensitivity than has been achieved in past 
experiments to measure dust in the cuter solar system. 


Possible Modifications for Saturn 

If the Galileo spacecraft proves satisfactory for the Jupiter mission, it will 
probably need onl\' slight modifications for Saturn. The interfaces will need substantial 
alteration to accommodate the ion drive propulsion system and the second probe, but 
the basic spacecraft need not change significantly. Less radiation shielding will be 
required, but the spacecraft power sources and telemetrt* rate may need enhancement 
if the performance at Saturn is to equal that expected of Galileo at Jupiter. 

More substantial changes may be needed in the scientific payload. On Galileo, 
there is a heav>- emphasis on particles and fields n.easurements: we do not yet know if 
Se.tum has a substantial magnetosphere, and it is possible that after the Pioneer 11 
and Voyager flyoys w*e will not conclude that a similar emphasis in this area is needed 
for a Saturn orbiter. 
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In the remolt; sensing area, however, our present limited knowledge suggests 
two additimis to the payload. Interest in atmospheric dynamics on Saturn and perhaps 
also on Titan argues for the addition a second, wide-angle CCD camera to obtain 
synaptic g^o*>al-scale images. Such coverage will be very limited <m Galileo, but in the 
case of Jupiter many goals in atmospheric dynamics can perhaps be carried out by the 
Space Telescope. For Saturn, in contrast, imaging from an orbiter seems to be 
required. The second new instrument suggested by discussions at tiiis workshop is a 
submilliraeter radiometer for studies of tiie rings. A great deal of informatiem on 
particle sizes and bulk compositiem may reside in radiation emitted at wavelengths from 
100 pm to 1 mm, and no existing spacecraft instrument operates in this area. 

At present, of course, all of these suggestions concerning the detailed space- 

2 

craft design and science payload of a SOP mission are hi^y speculative. Only after 
die Pioneer 11 and Voyager flybys will have the information needed to assess these 
issues properly. The purpose of the present exercise is to show that even the unmodi- 
fied Galileo orbiter and science instrummits are reasonably well suited to a Saturn 
mission. 
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ABSTRACT 

A new type of hot-air balloon, with the air heated b}- natural sources, is 
described here. The vehicle was developed at the Service d’Aeron«nie 
du CNRS, in Paris. France. Buoyancy is accomplished 1^- either solar 
heating or utilizing the IR thermal flux of the {danet to heat the gas in 
the balloon. Altitude control is pros ided by a valve which is opened and 
closed by a barometer. Tlw balloon is made of an organic material which 
has to al^rb radiant energy and to emit as little as possitde. 


THE SELF-BUOYANT MONTGOLFIERE 
Principle 

A new type of vehicle was developed at the Service d’Aeronomie du CNRS, 
in Paris, France, during 1977 by J. -P. Pommereau and A. Hauchecome (1977). 

It is a hot-air balloon, where the air is heated by natural sources. We call 
solar montgolfiere a hot-air balloon whose buoyancy is provided by solar heating and 
infrared montgolfiere a hot-air balloon whose buoyancy is provided by the IR thernaal 
flux of the planet (Earth or other). 

A montgolfiere is a balloon made of an organic material defined by its weight 
—2 

g (gm ), its emissivity e and its transmissivity a, both thermooptical coefficients 
defined over all wavelet^hs. The balloon is open at the bottom and at the top by two 
very large apertures. The aperture at the top can be closed by a valve. 
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Ttie potential of the system can be discussed with the help of the thermal 
buoyancy per unit volume P defined as 


P = 



■a 


where T|^ is the temperature of the balloon, and ^ respectively the temperature 
and the dmisity of the ambimit atmosphere. 

A model of the system relating the parameters ^fining the balloon (radius r, 
g, a and e ) to the buoyancy and therefore to the total weight of the balloon (weight of 
the balloon and paylgad), including the spectral dependence of a and e , the actual shape 
of the balloon, convection inside and outside the balloon has been computed for different 
types of atmospheres (Pommereau ami Hauchecome, 1977). 


The Solar hfontgolfiere 

Because of the large value of the solar flux, the system is fairly simple. In 
this case, the balloon is made of a sii^e material which has to absorb the solar light 
and to emit as little as possible (a large, e small). When the top valve is closed, the 
solar energy heats the inner gas and the balloon ascends; a barometer opens the valve 
at a predetermined altitude and the balloon descends to another predetermined altitude 
where the barometer closes the valve. A series of vertical explorations is thus 
obtained during the day. 


The Infrared Montgoifiere 

Because of the geometry, the balloon is made of two hemispheres of different 
infrared emissivity. Ideally, the emissivity has to be zero for the upper hemisphere 
and one for the lower hemisphere. Over a region when the upward IR flux is defined 
by a brightness temperature Tj^, the temperature of the gas inside the balloon Tg 
would become equal to Tj^ in the absence of convection losses. 

Detailed computations show that the thermal buoyancy is not large in the major- 
ity of circumstances and therefore acrobatics permitted to the solar montgoifiere may 
not be permitted to the IH montgoifiere: a mere survival of the balloon during the 
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ni^t can be tu^d for. A typical value of the buoyancy on the Earth is 100 g m 

“3 

during the day and 10 g m during the night for a flux condng from the sun of 
-2 

1940 W m at the top of the atmosidiere and a flux generated by the Earth at night 

-2 -2 

varying with the nature of the clouds from 110 W m to 300 W m . 

It is obvious that when the buoyancy is small the payload is also small and 
therefore the IR montgolfiere has to be very lai^e. A limit is set to its dimensions 
by the mechanical properties of a thin structure. 


State of the Art 


The first launches of solar montgolfieres were performed with complete suc- 
cess in Pr^ria (Union of Sot&h Africa) on Feb. 17th and Feb. 25th, 1977 1^ a crew 

3 "2 

of the Service d'Aeronomie. The volume was 300 m , the weight 50 g m , and the 
payload 2 kg. As predicted, the two balloons performed a series of 4 vertical excur- 
sions between 15 and 19 km of altitude. The measured temperatures inside and outside 
the balloon were fitted to the theoretical model; their value., showed that the IR montogol- 
fiere should work (Pommereau etcd., 1977a), The program was then adopted by CNES 
which developed, accordii^ to the specifications the Service d'Aeronomie, and launched 

from Aire-sur-l'Adour (France) an IR montgolfiere on December 19th, 1977, with complete 

3 -2 

success. The volume was 5800 m , the weight 25 g m , and the payload 10 kg. The 
balloon had no top valve since the test was only intended to prove the survivability 
during the night. It drifted during 66 hours over Southern Europe performing as pre- 
dicted, culminating at noon at 24 km and bottoming at the end of the night around 
19 km, and was destroyed by a preset timer wdthout which it would still be flying 
today (Pommereau etat., 1977b; Bezaudun, 1977). 

CNES and the Service d'Ae'ronomie have initiated a program of applications of 
the system to the study of the stratosphere, startirg with two launches from Pretoria 
in April 1978. 

During the same time, CNES is studying the possible use of the concept for 
the exploration of the Venus atmosj^ere, a joint venture with the Soviet Union, with 
an approved launch in 1983. 
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THE MONTGOLFIERE IN THE ATMOSPHERE OF TITAN 


A preliminary study (Hauchecome and Pommereau, 1978) has been comideted 
of the feasibility of both solar and IR mon^olHeres in the atmosphere of Titan for the 
three atmospheric models described in the NASA document "The environment of Titan'’ 
(1975) (NASA. 1976). 

The Titan IR Mbntgolfiere 

The emissivity e of the upper hemisphere of the balloon is assumed to be 0. 05 
towards the outside and 0. 90 towards the inside; the lower hemisphere is assumed to 
be transparent. 

With the "thin” and "nominal" mottels, the temperature of the atmosphere is 
higher than the temperature on the ground: the buoyancy is therefore zero and the 
montgolfiere cannot work. 

With the thick model, using the albedo measurements of Younkin (A = 0. 20 

_2 

and T_ = 85 K) the upward infrared flux can be assumed to be 3. 0 W m at the 
15 

tropopause. Below the tropopause. we suppose that the difference between the upward 

IR flux and the black body emission at the atmospheric temperature increases linearly 

-2 

from zero on the ground to 1. 1 W m at the tropopause. Figure 1 shows that the 

_3 

buoyancy of the balloon in this model is inferior to 3 g m ; therefore the IR montogol- 
fiere is impossible in practice. 


The Titan Solar Montgplfiere 

The balloon is completely covered by a thin metallic film in order tc reduce 
the IR emissivity and by a thin varnish for total absorption of visible solar light. 

€iB = 0.05 = 

“2 

The visible solar flux above the atmosphere is 15 W m and is supposed not 
to be absorbed by the atmosphere. No cloud can exist in the "thin" and "nominal" 
models, but there is a strong possibility of clouds below the tropopause in the "thick" 
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mcdel; the buoyancy of the solar montgolfiere is plotted on Figure 1. With the "thin" 

-3 

model, a buoyancy of only 8 g m is obtained on the gi'ound, which makes the system 

very hard to fly. However with the two other models, the solar montgolfiere flies 

-3 

easily; a montgolfiere with a buoyancy of 20 g m could explore the region brom 

0 to 35 km in the "nominal" model and from 0 to 75 km in the "thick" model. 

Figure 2 shows the payload available with a montgolfiere made with a material 
-2 -3 

weighing 20 g m and a buoyancy of 20 g m . A typical example would be a relatively 

3 

small balloon of 4000 m whose weight would be 25 kg and the payload 50 kg. This 
balloon is in the class of the successful IR montgolfiere of December 1977. 

The temperature of the fabric would be low. With the skin temperature above 
the ambient temperature by 100°C, we are faced with a temperature of the material 
of -100°C. A large number of products (fiber glass, kevlar, polypropylene film) 
retain their mechanical properties in this range, even down to -200°C. 



! iffure I hj m lift Ainntphm uj I iIjk 
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MASS 



VOLUME OF THE MONTGOLFIERE 


Figure 2. Payload of the Montgolfiere ai a Function of the Volume 
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A Possible Mission 


The scientific objective is a vertical exploration of the '1 itan atmosphere. A 
solar montgolfiere is injected near the suhsolar point, drifts in the winds, exploring 
an extended range of altitudes. The value of the range cannot be determined today as 
it depends on the model chosen. The advantage of the use of the montgolfiere can be 
best understood by considering it as a parachute which can ascend in specified 
conditions. 

3 

A 4,000 m montgolner? could fly up to a pressure of arou.id 50 millibars and 
down to an altitude determined by the solar flu” available after absorption through the 
clouds. Should the ''ultrathick'' model of Hunten be proven to describe the situation, 
the system would fl> from 180 km down to at least the tropopause level at 100 km of 
altitude where the pressure is 1 bar, and explore even the legion below the clouds if 
their optical thickness is t»ot too great. 

When the balloon approaches the terminator, it slowly descends to the ground 
and allows an exploration of the lower layers. The vertical structure of the wind 
velocity field can be deduced from the measurement of the position of the montgolfiere. 
Therefore, if a real time analysis can be obtained, it could become feasible to main- 
tain the system a long time in the sunlit hemisphere by commanding the valve from the 
Earth in order to either maintain the system at an altitude where the wind velocity is 
minimum, or vary the altitude in a vertical gradient around an altitude of zero wind 
velocity. 

With a nominal payload of 50 kg, a scientific package of 15 kg could be accom- 
modated, the remnant of the weight being allocated to a RTG, a transmitter, an omni- 
di' onal antenna, a command receiver and a mechanical structure. 

In these 15 kg, a measurement of the v rtical structure of temperature and 
pressure, a chemical analysis of the atmosphere (organic molecule mass spectrometer 
and gas chromatograph similar to Pioneer Venus's of a weight of 3 kg) a nepheiometer, 
an IR radiometer, a measurement of the nature of the cloud particles ( a backscattering, 
X ray fluorescence spectrometer and other) perhaps a camera for obtaining pictures of 
the clouds or of the landscape could be placed. Data on general circulation, wind 
veloci'y and field including vertical gradients and vertical motions are deduced from 
the motion of the balloon, 'fhe main interest of the mission is that transport phenomena 
and their interaction with the physicochemical properties of the atmosphere are 
investigated. 
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Id this configuration, the total payload is 75 kg (50 kg for the gondola and 25 kg 
for the montgolfiere). A comparison with the Galileo probe wtere the total weight is 
250 kg for a heat shield of 100 kg and a science payload of 25 kg, shows that a Titan 
probe of less than 250 kg which would need a heat shield of less than 20 kg, could 

3 

accommodate a payload of 100 kg. and therefore the 4, 000 m montgolfiere and its 
gondola. The proposed Titan probe therefore would be in the class of the Galileo 
probe and of the Saturn probe. 

The data would be transmitted to the orbiter which would also have to locate the 
gondola. The necessity of maintaining a communication link suggests a circular orbit 
in the equatorial {dane of Titan, since it is likely that the general circulation and 
therefore the motions of the balloon would have a large zonal component. The altitude 
would have to be chosen as a trade «ff between difierent requirements but 20, 000 km 
could be a reasonable figure. 

More than one balloon could be released; the exact number would depend on the 
payload capacity at injection. 

The mission can be defined with more accuracy after the Pioneer and Voyager 
encounters with Titan. 
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DISCUSSION 


J. POLLACK: In your evaluations of the buoyancy, what assumptions did you 
make about the absorption of sunlight by the Axel dust above the balloon? 

J. BLAMONT: 1 supposed that the balloon was above the clouds. There was 
no allowance for absorption by a haze at higher altitudes. 
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BASEUNE SCIENCE PAYLOAD 
FORSOP^ 


Panel 2 

G. Orton. Chairman, J. Blamoin, L. Colin. 
G. Siscoe, D. Morrison, J. Pollack 


G. ORTON; We would like to discuss baseline science and baseline payloads &>r 

SOP^. 

J. POLLACK: One imporiant element for a probe payload is a capability to 
determine atmospheric composition. A second thing is information about cloud and 
aerosol properties, such as size and location. Third, we ut>uld like to have information 
on the winds themselves. That's an important piece of meteorology. Doppler tracking 
capability could give us information on how the vertical winds vary as a fonction of 
altitude. 

I would also like to get some information on the surface of Titan. We have to 
think seriousty about what types of instruments might be feasible. The real problem is 
Wfc’ve got to e-Kpand cur horizons a bit beyond things like alpha scattering exp^’^riments, 
which are directed towards silicates, since on Titan the things we'll want to go after 
are primarily the ices and organics. 

1 also think tLat if one goes far enough to speak about a lander that stays around 
and operates for a while on the surface, there's quite a bit one could get from imaging 
information. One could get information on properties and particles in the atmosphere 
and monitor how they change. 

G. ORTON: For Titan do you see any need for additional or modified instru- 
mentation from the Galileo Jupiter probe or a Saturn probe ic order to more fiiUy 
exploit the possibility and the extent of organic compounds ? 

J. POLLACK: Well, I certainly ihink that one Wrould have to consider a gas 
chromatograph very seriously. When you have a wide enough range of possibilities as 
to compositions that you're going after, you would like to cut in several dimensions so 
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that you can best pin down what you're looking aft. A mass spectrometer gives a nice 
cut in oae dimension. A gas chromatograph gives you a cut in a compiementaiy 
direction. 

D. MOBRESON: What kind of gaa chromatograph capabili^ would be required to 
provide a substantial orthogonal data set to what you would get with a mass 
spectrometer? 

J. POLLACK: I think the gas chromatograph tbat was proposed for Galileo 
gives you a first order answer to that question. There was an election capturing device 
that was proposed as a primaiy detector; for cmtain C and N compounds it had enor- 
mous sensitivity. With certain selected compoimds of particular organic interest, it 
has very high sensitivi^. 

S. CHANG: There's a particular advantage in Titan, too, because you don't 
have the enormous excess of hjrdrogen and heliun to deal with. If you are interested in 
looking for trace organics, you already have the three order of magtotude advai^age 
over the case in Jupiter. Furthermore, the non-condensabte gases that comprise the 
major portion of the atmo^iliere are nitrogen and methane, and if jrou are interested 
in three more orders of magnitude of concentratioa, these can be swept through. The 
concentration mechanism can be used to forther enhance your detection capabiliqr. 1 
think it's a veiy sensitive and high-resoli£ioo method. 

J. CUZZI: What about imaging on the way down? 

J. POLLACK: I think there are radiation experiments that give you more 
valuable data than imaging would on the way down, but once you get to the surface, 
then it's a difCerent ballgame. On the way down, 1 really don't see that imaging docs 
too much. 

D. HUNTEN: I would like to mention tbat w’e should consider where w'e'll be 
in instrumert develofunent after Pioneer Venus, because a number of the proposals 
that have been made — Doppler tracking, gas chromatography, and so on — are being 
implemented on Pioneer Venus. We'U have a much better handle on how well these 
things actually work in the teal world by about a year from now. 

J. BLAMONT: As far as the dynamics are concerned, I don't believe that with 
one single probe you can learn something. Just imagine that you would have Mariner 4 
as the only description of Mars. What do you learn ? Nothing. 

But I think it's easier to send entry probes to Titan than to Jupiter. There- 
fore, I think that at least you have to find a way of having more than one vertical 
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{Hrabe. This is essentially wfegr I made the presentation of the hot air balloon, because 
you want to have more than one vertical profile of the wind. 

If you obtain only one sii^;le measormnent of circulation, you'll have nothing. 
Even if you have one good Doppler measurement, you aon't go very far firom thoe. 

G. CKtTON: As far as your idea about the hot air balloon, it's goiog h> be 
necessary to wait in order to know whetfaer the atmosphere will or will not support a 
balloon. 

J. BLASiONT: It's possSile to have a hot air balloon which woidd fly at 
10 millibars. We are just starting to stoc|y this and we hope to be able to provide you 
with a list of possfbilities. 

J. CUZZl: At Ames, we talked a little bit about sito-surface msasurements, 
like sticking a penetrator in the ground. I would be interested in hearing what people 
have to say about that. 

J. POLLACK: One of the really fundamental things that you'd like to know is 
the heat flow. And I'm not quite sure how e^sy it would be to implement it on the 
lander, but that certainly would be (me of the impcntant thii^ to do. 

D. HUNTEN: 1 would like to suggest that anybody who is advocating a heat 
flow measurement should take one or two plausible models for the beat flow of Titan 
and cmmbine them with the heat conductivity of, let's say, solid water ice or solid tar 
or liquid tar, and see if it's within orders of magnitude of it being feasible. I would 
be veiy surprised if any such measurement is possible. 

S. CHANG: There may be some interesting things resulting from sub-surface 
chemical analysis, too; composition may vary significantly with depth below the 
surface. 

D. HUNTEN: I'd like to raise a plea again for pre-entry science, which 
hasn't really been discussed in this paiticular panel. Measurements of the ionosphere 
and upper atmosphere have been (juite seriously considered for (Mileo, but had to be 
abandoned because of the high cost and added mission comf^exity. But Titan is a 
relatively easy and a very interesting place in which to make some measurements of 
positive ion chemistry and, preferably, even upper atmospheric composition. The 
highest priority instrument is an ion mass speetrometer. The optimum <x>mplement 
is w'hat Pioneer Venus carries, which is a neutral mass spectrometer, ion mass spec- 
trometer, ion trap, and Langmuir probe. 
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Sherwood Chang has made the proposal that a good deal of the organic aeron- 
omy that goes on in Titan may be going on in the upper atmosphere, mediated by 
auroral particle bmnbardment. This adds to the excitement oT &ese kinds of 
measurements. 

G. ORTON: The distinguishing characteristics between pre-«ntry and probe 
science are, I assume, that pre-mitiy is pre-Madi 1. 

D. HUNTEN: Well, even more than that. lt*s done at hei|jbts where the 
mean-free path is loc^ enough or the vacuum is good enough so you don't need vacuum 
pumps; the regioo of the ioiiosphere, or a little bit above. 

L. COLIN: You want a candidate Saturn probe p^load. Let me suggest a 
list of high-priority iostrumeots and low-priority instruments, with the hi^-priority 
instruments in order priority; 

(1) In the area of composition; a neutral mass qiiectrometer and a gas 
chromatograph. 

(2) For atmospheric structure: temperature, pressure, aod accelerom^er 
measurements. 

(3) For cloud structure; the multiple scattering nephelometer that we have on 
Galileo. 

(4 For (fynamic ejqperiments: Doppler ratio tracking or possibly balloon 
techniques. 

(5) For thermal balance, the net flux radiometer, which hopefully will tell 
tts why the winds are being driven the way they are. 

(6) Finally, a plea again for pre-entzy science; I listed two instruments: An 
ion mass spectrometer and a retarding potential analyzer. 

That adds up to a total of seven hardware instruments, which I think is in the 
right ballpark. 

That leaves for lower priority experiments, a helium abundance detector, a 
cloud particle size spectrometer, and a lightning radio emission detector. Among 
aeronomy instruments, in a lower priority are the electron temperature probe and 
neutral mass spectrometer. And finally, the magnetospheric-type experiments of low 
priority, such as an energetic particle detector and a magnetometer. 

D. &K)RRISON: For the Saturn probe, ^lould magnetos{d)eric experiments be 
given such low priority ? In the extensive d^ates over where to target Pioneer 11 
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at Satnrn, some very cogent sounding arguments were made that one really wanted to 
measure the energetic particle and magn^c field profiles in the regions of interaction 
with the ring particles and inside them in the gap where the D Ring may or may not 
extend all the way to the surface of the pLan^. Only with a Saturn probe that has an 
extensive magnetospheric complement of instruments can we stcdy that aspect of mag- 
netospheric pfaysics. Is that a reasonable argument? 

J. POIXACK: I think the thing that would worry me on an argument like that is 
the question of priorities; in other words, you are getting a one-shot sample so that, 
in the case of magnate field, you get a hint of the asymmetries, but you really 
wouldn't be able to actually define that asymmetry. So from that point of view, I 
wouldn't put it in as high a priori^ class. 

E. STONE: If you just trade, say, the magnetospheric e:q>eriments on a probe 
versus magnetosidieric experiments on an orbiter, my own in 4 >ression is that a com- 
prdiensive magnetospheric orbiter package will, in the end, yield much more science 
about the magnetosphere than would the package on the probe. 

D. NK>RRISON: Suppose you were considering just an energetic particle 
detector as part cf the pre-entry science on the probe. Would you put it as low priority 
as Larry did? 

E. STONE: A simple energetic particle experiment on the probe could give us 
some information about the magnetic field direction, as well as something about 
whether or not there are particle sources inside of the visible rii^s. Whether one 
would r ank that as high as the first seven you listed, 1 don't know. 1 t hink it may well 
be high in the second category. 

D. HERMAN: Let me ask a question about the need for a GC into Saturn. I 
heard a debate at a Physical Sciences Committee meeting between John Lewis and 
Carl Sagan, where John calculated the abundance of organics that would exist in 
Jupiter, if they do exist, and that dictated the kind of sensitivity you need in a GC. 
Using whatever model you wish, if there are organics in the atmosphere of Saturn, 
what would you anticipate is a relevant abundance ? 

J. POLLACK: I think it depends how you define the word "organics". If you 
are speaking about amino acids or something like that, 1 would be surprised if there 
were measurable quantities. If, on the other hand, you are speaking about a variety 
of other interesting compounds that are more plausible on other grounds, I think it's 
an entirely difierent situation. 
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Let me just give you a cou{>le of examples cf surprises that we have encountered 
in the case of Jupiter, which is why I think there is a wider range of possibilities in 
the real case than one might predict on very simple grounds; We know that there are 
measurable quantities of both carbon monoxide and {dK>s{jiiiie in the atmosphere of 
Jiqtiter. 

D. HUNTEN; Measurable by a GC ? 

J. POLLACK: Yes. In fact, that was explicitly part of our GC proposal for 
Galileo. Just to explain that a little bit more, the reason that we think that these 
compounds are actually there in the case of Jupiter is that they get manufactured by 
thermodynamics at very high temperatures in ^ep layers, and then get mixed up 
quickly, so it would be nice to see some of those vertical gradients to understand how 
the compounds get up there. 

G. ORTON: Do we need a dedicated helium-hydrogen instrument ? Should one 
measure helium for its contribution to cosmogoiQ^ ? The answer, I think is very 
definitely yes. 

D. HUNTEN: I think it's another mildly interesting thing to do in about the 
same class as, let's say, pre-entry science. 

G. ORTON: On the record we have clear differences of opinion. 

D. MORRISON: I am oonfiised by the vehemence of your assertion, Don, that 
the helium abundance is only mildly interesting. If I understood Jim correctly, he is 
sajdng that there appears to be a discrepancy between theory and observation in the 
internal heat source of Saturn. By determining the helium ratio, we might find the 
clue to that discrepancy. It would seem to me that if that argument is valid, then 
measuring the helium is in the same class as measuring the internal heat source of 
Saturn for understanding what went on at the .ime the planet was formed. 

D. HUNTEN: I don't disagree, except I'm not sure that once we've measured 
the helium we will have the ultimate solution to that particular puzzle. There's a 
near infinity of solutions even once you km>w the helium. 

J. POLLACK: Perhaps you could enlarge on that, Don? Tell me the near 
infinity. 

G. ORTON; That would take a long time. 

D. HUNTEN; In an3rthing as complicated as a planet, a unique explanation of 
anything that complicated practically never happens, Jim. In the context of today's 
theories, yes, it may discriminate but that doesn't mean we find the true answer. 
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J. POLLACK: Let me just explain my remark and then you could just very 
quicldy just take a look, on a quantitative basis that is, to what energy sources you 
have available. And the only thing that's going to produce something of die right 
order of magnitude is some Qrpe of gravitational energy release, and so the real 
focus of trying to understand the excess heat source is to understand the mechanism of 
gravitational energy release. A desirable accuracy would be one percent of the ratio 
of helium to l^rdrogen. 

D. CRUIKSHAMK: With all humility and great trepidation, I would like to ask 
a question about deuterium. No one has mentioned deuterium and I realize it's been 
found spectroscopically on Saturn recently. But 1 wonder if it’s something that should 
be given attention in a probe measurement. It seems like a number we'd like to know 
on Titan, at least, and it may relate to whether or not the Titan atmosidiere is the 
original atmosi^ere or a secondary atmosphere. 

D. HUNTEN: I think you raise a good point. Isotopic ratio measurements 
tend to be taken for granted as a primary objective, but should be brought out 
explicitly. 

S. CHANG: Is it possible that because there are differences between the den- 
sities of Saturn and Jupiter, that Saturn is not only somewhat chemically fractionated, 
but also isotopically fractionated from the point of view of the stable elements, light 
elements as well as the rare gases. Would that be a particularly interesting measure- 
ment; that is, by comparison with Jupiter, would there be an anomalous elemental 
fractionation pattern or isotopic pattern? 

J. POLLACK: Recent suspicion has been that it's much more an elemental 
than it is isotopic. Elemental, in the sense that it's hydrogen-helium versus rocky 
and icy material. 

D. MORRISON: I have talked about the orbiter payload already, but I have a 
couple of general comments. Saturn missions are difficult because Saturn is a long 
way away, and several things v/ork against us: 

(1) We have less knowledge than on nearer planets from ground-based studies 
on which to base mission plans. 

(2) The missions are of longer dimation and that means if we have to build 
upon the knowledge from one mission to go on to the next, the interval 
between them is longer. It is difficult to talk meaningfully about a Saturn 
mission before we've had any spacecraft to Saturn, and I conclude that 
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we should not now foreclose any ofdlons. The uncertainty is particularly 
severe in things having to do with the magnetosphere, but there are other 
areas as well. 

In reference to the payload on an orbiter, thex« are three major qi^stions in 
my mind about science priorities: 

(1) The role of magnetospheric physics and measurements. They were 
omitted by the Space Science Board, but perhaps one just cannot make a 
judgment on that until after Pioneer 11 teis gone there. 

(2) Synoptic Saturn studies. The Space Science Board did not recommend 
synoptic studies of Jupiter, where we know there is a lot of atmospheric 
motion that's reflected in the visible appearance, tnit is has recommended, 
although at a fairly low priority, synoptic studies of Saturn for a Saturn 
orbiter. I suspect that until we have Voyager pictures, we won't have a 
fet . for whether those kinds of studies are likely to be very useful or not. 

(3) Altbcugfa, given enough time, the SOP^ orbit can almost be selected at 
will, I suspect there will be some kind of conflict between ring observa- 
tions and satellite observations. Most of the ring studies will require 
cranking up to moderately high inclinations, and that makes it much 
harder, although not impossible, to encoimter other satellites. If we 
really want to do a detailed comparison of 4 or 5 or 6 Saturn satellites, 
we might find that in conflict with the kind of extensive ring measurements 
that we would also want to do. 

J. POLLACK: Given the flexibility to change the inclination, wouldn't you 
choose to have an equatorial inclination most of the time, but then at some point change 
to an inclination that would let you do the rings and then go back again ? 

D. MORRISON: The Saturn sj-stem has a kind of atmospheric d)mamics in it 
that is absent from Jupiter because of the changing tilt of the rings and of the pole. 

This argues for a relatively long orbiter mission that's phased to the inclination of the 
rings and pole. For a good ring study, we wuld like to get above the rings, below 
the rings, to see them tmder different illumination angles; observe their thermal 
emission, for instance, under different heating regimes. 

The season and the ring shadow may also influence our studj' of the motions 
of Saturn's atmosphere. Both rings and weather argue for a mission lasting several 
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years. The next question is the arrival time. The maximum ring exposure corre- 
sponds to a flat maximum several years long. If we got on the tail end of that maxi- 
mum, say at about 20° , in the next three years th^'d go down through zero tilt. 

That might be a very attractive range of times to make orbiter observations. 

W. WELLS: Or arrive at zero and go up? 

D. MORBISON: Yes. But you wouldn't want to arrive just plus or minus one 
to two years of zero. For one thing, you'd duplicate Voyager too much. That's 
around 1995. And 3 ^)u wouldn't want to arrive right when they were maximum full 
open either, because it's such a flat maximum. These times are 1988 or 2002. 

E. STONE: 1 would be very surprised if, in fact, the magnetosphere is not an 
important part of the Saturn system. It will surely be an important part of under- 
standing what's going on with Titan, some aspects of the rings, and possibly the other 
satellites with their curious surface characteristics. 

Voyager will not have the appropriate geometry of flyby, except for Titan, 
to do much in the way of assessing the environment around the satellites, and it does 
not have the capability for the mass analysis of plasma. 

In fact, one is almost sure after Voyager to have the same situation we had 
after Pioneer at Jupiter, that the magnetosphere is an important part of understanding 
the Saturnian system. The combination of e:q)eriments which are on Galileo are the 
typical complement which is basic in the sense that they make a coupled set in terms 
of their interactions. 

G. SISCOE; 1 would like to agree with what Ed said. It seemed to me that 
what the Space Science Board did was to react to the absence of hard data on the 
magnetic field of Saturn as contrasted to Jupiter, where we knew there was a strong 
magnetic field before the Pioneers went. I think that the way to proceed is to assume 
that if the magnetosphere were as big as it could be, then it would be a very important 
scientific objective, both from the point of view of the magnetospheric science and 
also from the point of view of what it does to the Saturnian system. 

J. POLLACK: I would like to burn to a type of instrument that is not on 
Galileo but might profitably be part of an SOP^ orbiter; a multi-channel infrared 
radiometer for the 20 pm - 1 mm wavelength region. It would be directed towards 
getting information on the composition of the ring particles at different positions 
within the rings. Such an experiment would also be nice to have for both Titan and for 
Saturn to do atmospheric sounding. 
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M. KLEIN: I would like to suggest that you consider longer wavelengths than 
1 mm. There are several reasons: 

(1) There is a one-meter probe relay antenna hanging on the spacecraft 
alreatfy. You could make use of that after the probe has gone as a very 
efficient microwave antenna to probe the atmosphere. You can do Coptic 
mapping of Saturn's atmosphere itself, looking for large scale circulations, 
changes in the ammonia relative humidity, if it has belts and zone-type 
structure like Jupiter. 

(2) You can look at the very cold temperatures of the satellites, particularly 
the night-side temperatures of the satellites. This is easy to measure 
with a microwave system, whereas I don't know about the infrared. 

(3) Probably less significant, you might be able to do some magnetospheric 
studies by measuring synchrotron emission if you have a long enough 
wavelength - (around 30 cm). 

J. CUZZI: I want to reemphasize that 1 think this millimeter region is 
extremely important for studying the rings. In this region the ring particle behavior 
goes from that of absorbing and emitting to that of scattering. It's a transition region, 
where the action is and where we're going to learn the most. It's going to tell you 
about particle size, composition, impurities, and structure. We want to learn the 
maximum particle size, and how absorbing they are, whether they have silicates, and 
this is where to look. The range is probably down to a couple of hundred pm. 

D. MORRISON: I think that's an interesting point, and I would ask the question 
more broadly. The things Saturn has that Jupiter doesn't are Titan and a ring system. 
We've talked a lot about Titan; for the ring ^stem it's fair to ask the question: How 
do you modify the payload to take advantage and attack the problems associated with 
that unique element. Infrared and millimeter radiometry is one way, and perhaps 
there are some other ideas. 

J. CUZZI: We haven't really talked about doing any bistatic radar. 

G. ORTON; It's been me’''.ioned. Any of it's advocates care to stand up and 
be counted at this point? 

J. CUZZI; I'll stand up. That's the second important handle on the rings, 
and 1 should elaborate on that a little bit more. 
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Presumably, there'll be another two -wavelength radio-science experiment. 

1 think that would be extremely nice, 3 and 12 cm or something lilie that. It would 
be extremely valuable. I would support a two frequency (S and X band) telemetry. It 
could be used for extensive bistatic radar mapping of the rings. And it would be nice 
to have the orbit cranked to 10” inclination. I would also support the desire to have 
the rings inclined by about 20” when we get there. 

It would also be nice to be able to take the orbit and slew it around once so you 
can look at different parts of the rings from different angles, elevation angles, and 
inves'-igate the size distribution. 

L. TYLER: By bistatic, I think you mean phase angle coverage at centimeter 
wavelengths. 

J. CUZZI: Yes, the spacecraft bouncing radar off the rings and being received 
at the Earth, both from above and below, and at all different scattering angles. 

J. POLLACK; To contrast this a little bit, what Voyager will be ctoing, pri- 
marily, is something with scatterii^ angles of half a degree or so, and the things that 
Jeff Cuzzi was mentioning could go up to maybe 30“ scattering angles. And if back- 
scatter is possible, it can give shape information. 

G. COLOAIBO: (1) I would consider very important a study of a mission 
whereby the spacecraft is periodically and sequentially transferred, with minimum 
energ}' expenditure, from a Saturn orbiter to a Titan orbiter, and vice versa. This 
will allow detailed study of both long and short tcrrri variations in the Titan and Saturn 
atmospheres and a complete exploration of the inner Saturn satellite system and planet. 
Of particular interest is the region between Rhea and Titan for the reason outlined in 
the next paragraph. I emphasize here that the mass of Titan is large enough to give 
quite a large flexibility in the maneuvering capability with relatively small consump- 
tion of the propellant of the auxiliarj’ propulsion systems. T>'pical trajectories of the 
restricted three body problem may be used as reference. Tlie efficiency of the satellite 
Rhea in a similar role may also deserve some consideration. The other satellites may 
be too small and the relative velocity’ mav l>e too large for gravity assisted m^meuvering. 
(2) I consider very crucial a deep survey of the intersatellite region between Rhea 
and Titan and just outside Titan. The similarity of the dynamical environment inside 
the belt between Mars and Jupiter and the dynamical environment between Rhea and 
Titan lead us to think that a belt of sparse and relatively small objects may be present 
similar to the astercidal belt. We should also look lor Trojaii type objects in the tri- 
angular Lagrangian position. Resides it scorns probab’e that Hyperion is one of the 
members of a family of smaller objects just outside the Titan orbit. 
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(3) Concerning the inner Saturn system, we expect the existence of a swarm of 
small limited number of bodies between Mimas and the ring A of Saturn. In particular 
we think that the inner boimdary of ring B could be caused by a resonance effect due to 
bodies orbiting Saturn just outside the Roche limit. In fact, from photometric observa~ 
tions of the light curve of lapetus, eclipsed by the rings, it seems now clear that the 
outer boundary of ring A is 2000 km inside the circular orbit of a hypothetical saiellite, 
or swarm of small bodies in a 3 to 2 orbital resonance ’.vith Mimas. This possible 
satellite(s) could excite a strong resonance (2 to 1) at the inner boundary’ of ring B caus- 
ing the conspicuous drop in densitj’ at this boundary distance from the planet. 

(4) The near Sab.im environment may l)e quite different from the Jupiter environment 
both in regard to energetic particles and intersatellite solid (meteor or meteorite) com- 
ponents. This characteristic should allow a better exploration of the inner system than 
that which will be done with Galileo on the Jupiter inner system. The density of the solid 
component of the intersatellite space and rings may require a re-examination of any mis- 
sion pn .lie when more information will be available from the Voyager mission and in 
1979 from the Pioneer flyby. A very intense observation pi'ogram both from ground and 
from the space telescope will be cinicial in the mission planning. We wanted to emphasize 
the difficulty we are encountering at present in optimizing the mission because ot lack of 
information. 
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Areas of Investigatioii 

In its Report on Space Science 1975, the Space Science Board adopted as policy 
die report of its Ctxnmittee (Xi Planetary and Lunar Bxploratitm (COMPI£X). The sec- 
tion (m "Saturn <^je<^ves" 47-49) begins by poking cmt that the flybys of 
Pioneer 11 and Voyagers 1 and 2 will cmaplete tl» reconnaissance idiase of Saturn 
investigation. COMPLEX tiien "anticipates that [ foilow-tn] missiois will have the 
foUowii^ principal goals, in order importance: 

(1) Inteifflive investigation of the atmosphere oi Saturn . . . 

(2) Determination of regional surface chemistry and properties the surface 
features of satellites and properties of rii^ particles . . . 

(3) Intensive invest^tion of Titan . . . 

(4) Atmosfdieric dynamics and structure . . . 

. . . Tne comparative planetology of the satellites will also be of great interest 

. . . The rings of Saturn are potential treasure-houses of information . . . 

“For these reasons, we consider it essential that NASA be in an adequate posture to initiate 
exrloration of the Saturnian system in the middle l980's following the reconnaissance of this system. 

The present Workshc^ and report cemstitute an early st^ towards reachii^ 
this posture. 

complex's omissiem of the magnetosphere was presumably intenticmal. 

Indeed, its outer parts can be expected to be similar to the correspoixiing regions 
around Jupiter. But the inner magnetosphere may be a different story. Even since 
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1975 we b''ve increasii^ly realized the profound effects that charged-particle 
bombardment can have <xt Jupiter's inccr satellites, particular^ lo. lo emits vast 
quantities ot sodium, sulfur, and presumably other materials into the surrounding 
space, most probably because of sputtering by energetic particles. Its ionosphere 
also is thought to be generated by particles rather than solar photons. Similarly, the 
gases emitted may be a major, even dominant, source for the magnetosphere. Though 
Titan lies farther from its primary than does lo, importaiA effects in both directtoDS 
are expected, and the influmice on ring particles could be even more important. Thus, 
it seems to us essential to be able to explore the iimer magnetosphere, both as a 
phenomenon in itself and as an aspect of the Satumian environment. While we agree 
that all four of the COMPLEX goals are important, we add another: 

(5) Exploration of the inner magnetosphere and its relationship to the rings 
and satellites. 

It is desirable that a mission to Saturn contribute significantly to the study of 
all five goals. 


Scientific Questions and Their Investig?ti<m 

In this section we state wiiat, in our viear, are the most important questions 
concerning the various bodies and media in the Saturn ^'^stem, and attel^pt to predict 
what the state of knowledge will be late in 1981, when Pioneer 11 and Voyagers 1 and 2 
will have performed their flybys. Aocoont is also taken cf the likely progress in 
ground-based measurements, and the ccwnpetition, even beyond 1981, from Earth- 
orbiting telescopes. 

Stiufy of the present state of the Saturn system is of great interest. Certain 
results have added interest because they bear on questions o{ history and origin, and 
they are highlighted. Since w'e did cot discuss priorities betw yen the various areas, 
they are arranged in decreasing order of mass. 

Saturn The basic state of the atmoi^bere is described by its composition, 
temperature profile, and cloudiness. With this information, further questions, such 
as energy balance, mass transport, and condensrtion can be investigated; know'ledge 
of the radiation fields is vety helpful. We expect to find abundances of volatile elements 
similar to solar (or Jovian) values, but any deviations will be of particular interest. 



So g r o g ation of heUnin in the interior has been saggestsd, and most current analyses 
give an MUichment of the heavier elements. Informatioa on the balk composition and 
internal state also comes from the mean density, the gravttattanal moments, the heat 
fknr, and the magnetic fidid. Many of these data bear on theories of Saturn's origin. 

In particular, it might be possftle to decide between the models of a core instability 
or a gas instability. Isotopic ratioe, particalar|y vitiiin Ihe noble gases, are of par- 
ticular interest because they can be compared with data for Earth, Mars, and soon 
Venm and Jupiter. 

The primary tool for most of the measorements suggeeted above is an entry 
probe with instcnmmitB direcdy measuring the atmosphere and the radiatioe fle!d. 
Important support comes from an orbiter ubicfa can place the single profile from the 
probe in Us global contezi. Converse, ttie probe data give calibratian and improved 
confidence in ihe less direct oibifer measoremads. 

Another area of interest is the ionosphere and the neutral upper atmosptere 
in which it lies. "Pre-entry" measurements have had to be omitted from Galileo, but 
the Saturn mission ofiers another chance to measure the composition and energy budget 
of tins strange regioa. Saturn's ionosphere should resemble that of Jupiter, wbicb is 
not imderstood except in the framework of ad-hoc assomptfons. 

The ge tend circulation of Saturn's atmos(diere has features absent from 
Jupiter: the 27' equatorial mciination and the enormous shadowing o€ sdar input by 
the rings. Studies oi this circulation will be ol particular interest. Evaluation oi the 
glcbad zonal vel*>:dty field on Saturn requires observations (over several rotations) of 
discrete, nouaxjsymmeCric cloud features distribttted at various latitudes over the disk. 
Altiiou^ only 9 such features have been observed to date, the very best ground-based 
photographs obtained at a rate of a few per year show additional features at the limit 
of ground-based detectability. Thus we have some confidence that improved reso'u- 
tion will yield the data necessary to evaluate the zonal vrind qrstem at the top of the 
clouds on Saturn. Although the present document stresses the capability of an imaging 
system aboard an orbiter, important contrt>utious may also be possible by the Space 
Telesc(^. Infrared sounding from the orbiter can give information on the drivii^ 
forces. 

Because of its substantial obliquity and the unique rings of hi^ optical depth, 
Saturn is expected to demonstrate many seasonal changes. For the planet, the alter- 
nating illumination of the poles and the varying size and positton of the ring shadow 
provide drives for the atmosphere that are not present in Jupiter. For the rings 
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themselves, the absorption of sunlight and hence the temperature vary dramatically, 
and the changing geometry offers possfeiiities fer determining the properties of the 
rings and of their individual particles that could not be obtained in any one "snapshot" 
view. Voyager and Pioneer will visit Saturn while the ring tilt is near aero. In order 
to complement these studies and to obtain the greatest scientific return from this 
oxinter mission we reoonunend: 

(1) The orbiter be at Saturn during a period when the rings are fairly wide 
open, preferably more than 20* . 

(2) The duration of the mission should be sufficient to track the effects of 
changing Ult, for instance by observing fiom a tilt near 20* down to a 
tilt of less than 5*. (The variation from 20* to 0* requires about three 
years). The time period fix>m about 1992 to 1995 fits these criteria of 
timing and duration. 

Of scieiUific importance is the nature of temporal variations of features and 
fluxes (uv-visual and thermal) in Saturn's atxnospbere. Longteim variations of a 
seasonal nature as well as short-term variations ol spots, etc. shed light on the 
meteorology. Also, spatial dependence of temporal phenomena is relevant to structure 
as well as meteorolcgy. Examples are the bright equatorial belt motions and the polar 
zone, both of which differ in appearance from temperate latitudes. Of special interest 
is the study of dynamical phenomeua near the boundaries of the Ring shadow - the heat 
input gradient at these boundaries may drive dynamic processes, create hazes, etc. 
affecting the atmosphere globally on a seasonal time scale. 

Titan Much of the discussion of Saturn also applies to its largest satellite. 

But the nature of this "planet” is different in manj' ways: it likel 3 ' has a liquid interior 
and probed)ly a solid surface. The atmosphere is substantial and must be made of a 
hea\'ier gas, with nitrogen the most popular at present, but including enou^ mefiiane 
to be very olwious sjvctioscopically. This meduine may form a dense cloud deck, 2 uid 
tihere is in addition il dark, high-altitude haze. Cloud measurements are even more 
important than for Saturn. 

The location of Titan's surface is still hig^y debatable, but there is good 
prospect that the debate will be settled In a year or two. As discussed in Chapters 8 
and 9, we now have two radio measurements of the surface temperature, one imphing 
a "low" pressure bar) and the other a "high" pressure (-29 bars). Further 
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measurements now in progress with the Very Large Array support support ttie low 
value. Radio-occultation measurements from the flybys of 1979-81 should also indi- 
cate the location of the surface, simply its interception of the radio beam. Or, if 
the apparent surface is really an absorbing layer in die atmosphere, the experimmit 
will give a duuracteristicaUy different answer. 

In any case, even the lowest pressure consistoit widi present data is ample 
to support a highly productive probe mission. The same things should be mea- 
sured as for Saturn (as well as Venus and Ji^iiter), but with for greater 
emplmsls on organic chemistry. Pre-entry measurements are of great 
interest here as w^, for Titan's atmo^ilmric composition is unique, except 
perhaps for that of the primitive Earth. 

Meteorologically, Titan is again a ^lecial case, thou^ flie deep version 
of the atmosphere has much in common with that oi Venus. Titan rotates much 
foster than Venus and shares the seasonal geometry of Saturn. Imaging of 
Titan could, however, prove very disappointing, as we have no evidence whether 
its atmosphere contains pbotographable detail that would permit its motions to 
be traced. Fortunately, the requirements for imaging of Saturn, the rings, and 
the other satellites should assure that Titan is well covered. 

It is expected that photolysis of Titan's methane provides a copious source 
of H and H to a torus that occiipies much or all of its orbit. Lyman-a emission 

A 

from the H atoms has probably been detected. The corresponding lo torus has 
been seen in several emission Lines, but it does not extend all the way around 
the orbit because the atoms are ionized by impact of magnetospheric electrons. 

Titan's torus may not be so limited, and it should be much more accessible to 
direct study. which should be an important component, is difficult or 
impossible to sense remotely. 

Other Satellites The Saturn system is a miniature solar system; in a sense it 
even has an asteroid belt (the rings) and could have a closer analog near Titan's 
orbit. A complete inventory is needed, particularly of the inner region; 

Earth-based searches, rather than Voyager, will contribute to this, ^stem- 
atics of the mean densities as a function of distance are of particular interest, 
quite apart from the intrinsic importance of the density as a constraint on the 
interior composition. Densities should be obtained to a few percent; the 
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roquiremeiits for masses and especially radii are correspondingly stringent. 
Large satellites may have liquid interiors, and their gravitational moments 
are of interest. The outer satellites may perhaps have teen captured; their 
sizes, shapes, and general morpholep, particularly for Phoebe, diould be 
revealing. Tim interactions of the satellites with the rings, particularly 
ring E, need to be explored. 

Staiface morphology (craters ami their distribution; other topc^raphy) 
stould be studied cm representative large and small satellites (diam^rs 
greater than 1000 and less than 500 km). Voj'ager is expected to do an 
excellent job on parts of the surfaces of most of the inner satellites. Surfacm 
compositions (apart from the known water ice) should be measured. lapetus 
is of special interest, with its remarkable hemispimricml a^mmetry in 
albedo and ice cover; we do not know whether this is a survival foom its 
origin or a feature due to its present environment. 

Iqr satellites are expected to have at least a tenuous atmosphere, and 
flieir mdure and interactions with the magnetosphere are of interest. 

Sucdi jd^sical studies can hardfy be c^ried out for all the satellites, 
and we reemmmend as a minimum set (in addition to Titan); iapetus, one ic^ inner 
satellite, and preferably one outer satellite. 

Rings Satum's rings are still among the least-understood objects in the 
sedar system. We do not know their origin or whettmr they are evolving 
rapidly; and we are baffled by the almost total lack of resexnblance between 
the ring systems of Saturn and Uranus. The particles may have cemdensed in 
their present form or originated by breakup of a large body or bodies. Earth- 
based studies may have missed completely the largest particles in which most 
of the mass may reside. Whatever we c»n learn about these matters will bear 
dire<;tly on our ideas of planet formation. 

Questiems abmit the rings divide naturally into two categories: the col- 
lective properties and the properties of the individual particles. Collective 
pioperties include the total mass and its radial distribution, and the physics 
beoind the divisions and edges. Knowledge of these matters mi|^t lead to 
elucidation of the nature of the rings of Uranus. An azimuthal variation is 
now well established. The size distribution of the particles and its variation 
with distance from Saturn are of prime importance, as is the composition and 
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nature (diatribution of minerals and ices in a typical particle). The rings 
should have at least a tenuous atmo8{diere, which should mediate their inter- 
action with both the magnetic field and the magnetospheric charged particles. 

There may also be an interaction with Saturn's atmosphere. 

Pioneer 11 and the Voyagers should do a respectable job on many of these 
objectives. Indeed, they may get consider^ly closer to the rings than an 
orbiter will, and should therefore be in a better position to disentangle the 
gravitational effect of the rings from that of Saturn. It may be in the prop- 
erties of the individual particles, or the statistics of these properties, that 
the Saturn Orbiter could make its best contrilHition. Experiments such as 
bistatic radar and sifomillimeter radiometry have been suggested here, and 
additional ideas would be welcome. 

Saturn's Magnetosphere The existence oi Saturn's magnetosidiere is not 3 'et 
denumstrated, but is expected both on gmieral principles and judging from the 
limited data now available. On tlm assumption that there is a sifostantial 
magnetosphere, there are three major points of interest: 1) MagnetosjAeric 
effects on Saturn, its rings, satellites, and in particular on Titan and its torus. 

2) the effects on the magnetosi^ere of the rings and the Titan torus, which are 
unique to Saturn, and 3) the geiKral magnetos{^eric data which will contribute 
to tte subject of comparative astroi^ysical magnetospheres. 

1) The magnetospheric particle precipitation into Saturn's atmosphere, 
as in the cases of Earth and Jiq>iter, probably will have interesting 
observable effects on the atmosphere, e. g. , auroras and hot spots. 
Elation of the rings by mag^etositieric particle sputtering and the 
associated redistribution of ring material now appears likely to be an 
important process. Similarly sputtering of the surfaces of the satel- 
lites mi^t account for photometric satellite characteristics. The 
effects of magnetospheric particles on Titan aeronomy and the Titan 
torus is likely to be of major importance as both a loss mechanism for 
die torus and as an energy supply for aeronomical processes and high 
altitude organic chemistry, in particular chemistry of nitrogen, 
since is not efficiently dissociated by photons. 

2) The massive ionized particle source represented by the lltan torus 
and the spatially extended absorption boundary represented by the 
rings constitute important and unique variations of magnetospheric 
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parameters compared wifli any otter planet. Hie variations they provide 
are sufficiently radical to lead to a magnetosittere of great intrinsic 
interest, and also to provide hard and clear data with vittich to test 
magnetositteric theories that deal with particle transport. Also impor- 
tant in this regard is the distiDCt possibility that the Titan source mi^t 
lead to a non-linearly evolved magnetositteric configuration analogous 
to v«hat occurs at Earth durii^ geomagnetic storms. Since the source 
in ttis case would be well specified, the situation is ideally suited to 
the study of the non-linear response. 

3) The comparison of Jovian and Saturnian magnetospheric characteristics 
provides a unique opportunity to provide for increased understanding of 
the general subject of astrophysical magnetospheres. The approximate 
similarity of the Jovian and Saturnian solar wind and planetary param- 
eters (exclusive of those mentioned above under Item 2) makes it 
possible to determine how magnetospheric features and processes vary 
with chains in these parameters and so to test the theories that 
address such variations. This is important in connection with the 
general problem of developii^ a theory of astrophysical magneto- 
spheres encompassing the range from small planetary magnetospheres 
such as at Mercury and Earth, giant planetary magnetospheres, and 
stellar magnetospheres. 

The two Voyager spacecraft will provide magnetospheric coverage at 3 local 
times. Both spacecraft will enter the magnetosphere at -$10° to the Satum-sun line, 
with exits at ~90' for JSX(X = U) and ~135® for JST. Thus, for a nominal magneto- 
sphere, JST will traverse the dawn flank of a possible magnetotail at distances of 
^200 R . Along with Pioneer 11, these missions will give an excellent reconnaissance 
of the magnetosphere, along with some information on the possible sources and sinks 
of ions. The potential of a Saturn orbiter to explore many more regions and obtain 
the time dimension, can be assessed definitively after the Pioneer and Voyager encoun- 
ters, but we expect tte value of the orbital studies to be great. 
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Orbiter and Probe Experiments 


In considering potential experiments for a Saturn mission, we shall take 
Galileo as a convenient point of departure, since it includes an orbiter and a probe 
for intensive stu^y of the Jupiter system. A few additional candidates are carried by 
Voyager. Finally, we draw attention to a few areas where development or improve- 
ment of instruments should be encouraged. The science complements of Voyager and 
Galileo have been summarized in earlier chapters, but are reproduced for reference 
in Tables 1 and 2. 


Table 1. Voya^r Experiments 

Imaging Science 
Radio Science 

Mrared Interferometer Spectrometer 
Ultraviolet Spectroscopy 
Photopolarim etry 
Planetary Radio Astronomy 

Magnetic Fields 
Plasma 

Low Enei^ Charged Particles 
Cosmic Ray 
Plasma Wave 

Table 2. Galileo Experiments (tentative) 

Probe 

Atmospheric Structure 

Mass Spectrometer 

Helium Abundance Interferometer 

Nephelometer 

Net Flux Radiometry (visible 
and infrared) 

Li^tning 

Orbiter 
Imaging 
Radio Science 

Near Infrared Mapping Spectrometer 
Ultraviolet Spectrometer 
Fhotopolarlmeter Radiometer 
Dust 

Electron Emitter 

Magnetometer 

Plasma 

Plasma Wave Spectrometer 
Energetic Particles 
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An ideal mission would carry a combination of Galileo and Voyager experiments^ 
as well as a small number of new ones. Although some priority judgciaents will even- 
tually be needed, we do not attempt to make them here. We do, however, call atten- 
tion to some of the issues as they can be seen today. 

Qrbiter Experiments An imaging system is essential for study of planet, 
rings, and satellites. The CCD detector now being designed for Galileo is nearly 
ideal, but the limitations of a single focal length are being keenly felt. Every effort 
should be made to find a solution to this problem; options might be a compromise 
focal length, a variable focal length, or two cameras. 

For infrared studies, the same issue will be faced as for Galileo: the require- 
ments for spectral mapping of satellite surfaces and for sounding of atmospheres are 
not easily (if at all) reconcilable in a single instrument. And a powerful instrument 
of the latter type (IRIS) will have been carried past Saturn and Titan by ttie Voyagers. 

A possible compromise is to carry a far-infrax'ed filter instrument to supplement the 
near-infrared mapper. But, in view of the importance of atmospheres in the Saturn 
system, the implications must be carefully examined. 

Polai’imetry is another experiment that has great value for study of atmos- 
pheres (particularly those with clouds) and surfaces. But again it will have 
had two opportunities on Voyager, as will ultraviolet spectroscopy. UV 
measurements will also be taken from Earth orbit, and their value on an 
orbiter will have to be re-assessed. One unique measurement is made during 
eclipse (or ’’solar occultation"), with the advantages of high sensitivity and the 
ability to detect unexpected gases. On Mariner 10, this method set the 
strongest limit on Mercury's atmosphere, and the dayglow mode actually 
detected H and He. Some of the most interesting tenuous gas will actually 
be directly available to the orbiter, and its direct measurement may be the 
preferred option. A mass spectrometer with this objective was proposed for 
Galileo, but could not be flown because of weight limitations. Dust particles 
are also of interest, even though they have far less effect on the magnetosphere, 
and an experiment such as the one on Galileo would be suitable. 

Instruments for magnetospheric science have evolved to a standard package, 
the last 5 in Table 1 or 4 in Table 2. They should be equally suitable for Saturn, 
as long as they are carried by a spacecraft with a spinning section. 
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Radio>science measurements of atmosj^eres and ionospheres can be made 
with the telemetry carriers. A variety of proposals have been made for other 
experiments, such as bistatic radar and passive radiometry. The applicability 
of the Voyager Planetary Radio Astronomy experiment to Saturn should be 
assessed after their Saturn encounter. 

Ring studies deserve special attention. Most of the investigations st^- 
gested for satellite surfaces, in particular imaging, are applicable here. But 
there is a special class of far-infrared and radio experiments that shows great 
promise. The behavior of the rings changes from absorbing/emitting at 
middle-infrared wavelengths to scattering at centimeter wavelengths. Thus 
the wavelength range between these limits contains information crucial to our 
understanding of the range of particle sizes and the bulk particle composition. 

We therefore suggest that effort be initiated to produce sub-millimeter range 
radiometers or spectrometers for use on a Saturn orbiter. The desired range 
of interest is at least from several hundred microns to several millime ters. 
Compositional studies of the rings and satellites will be aided by added spectral 
capability from 20 m wavelength longward. Atmospheric studies will be greatly 
aided by extending the wavelength. In addition, bistatic radar studies at S and 
X band, with polarization capability, will be of significant value in studying 
the particle size distribution. 

Orbit Design Close encounters with Titan permit large changes in the eccen- 
tricity and inclination of the orbit. The opportunity therefore exists, at least 
in principle, to tailor the orbit ccessively for various investigations. The 
need to pass near Titan at every revolution ensures that there will be plenty of 
coverage of this important object. It will be desirable to have some orbits that 
go outside, and some inside, that of Titan. For ring studies, an inclination 
of at least 5-10° is suitable, and the ring inclination (as seen from Earth) should 
be similar. Such an inclination, with a fairly close approach, would also permit 
investigation of the ring mass and Saturn's gravitational moments. 

While it would be desirable to make close approaches to all the satellites, 
most objectives would be satisfied by detailed study of Titan, lapetus, and one 
inner satellite such as Rhea. It would be desirable to add one small, outer 
satellite to this list. In addition to remote sensing, measurements may include 
mass, shape, mean density, magnetic field, atmosphere, and interaction with 
the magnetosphere. 
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lapetus, with its notable asymmetry, should be encountered at more than 
one orbital phase to give the best possible coverage of the whole surface. 

The variety of orbits suggested above will be excellent for coverage of the 
inner magnetosphere. The outer parts, and the tail, ai*e expected to be less 
distinctive in comparison with Jupiter, and an extended tail orbit is of low 
priority. In any case, we anticipate 7 passes through other outer regions from 
Pioneer 11, Voyagers 1 and 2, and the incoming leg of the orb iter-probe 
mission. 

Probe Experiments Fb’obes for Saturn and Titan have so much in common 
mat it is convenient to discuss them together initiall}'. Problems peculiar to Titan 
are addressed in the next section. The basic instrument for measuring com- 
position is still the mass spectrometer, particularly valuable because it can 
measure the unexpected as well as the expected. The Galileo instrument is 
furnished with enrichment ceiJs for noble gases and for alsorbable compounds, 
later driven off by heat. Further dev^eiopment along such lines is desirable, 
and may even lead to a full-blown GCMS (gas-chromatograph-mass spectrom- 
eter) such as operated successfully on Viking. Progress along such lines is 
desirable for Saturn and particularly so for Titan. An alternative is to have 
a separate GC, which gives some redundancy but lacks the power of the 
combined instrument. A special measurement of the helium abundance 
included for the Galileo Probe is desirable for Saturn only. 

The primary package for atmospheric structure is the combination of 
accelerometer, pressure gauge, and thermometer. Clouds and hazes are 
important on both Titan and Saturn, and a Galileo-type nephelometer is suit- 
able to measure them. Such a nephelometer, with several scattering angles, 
is a partial substitute for the Pioneer Venus cloud particle size spectrometer. 

Doppler tracking of the probe is a method of stud\-ing atmospheric motions; 
it is an important part of the Pioneer Venus mission (and earlier Veneras) but 
is not in the current baseline for Galileo because of the cost impact. Collec- 
tion and analysis of dust (particularly the dark material in the stratosphere) 
is of interest for both Saturn and Titan. It has never been implemented on 
previous missions because of doubts about its feasibility, but fiurther work is 
desirable. A radar altimeter for the Titan probe would also be useful. Such an 
instrument was included in early studies for Pioneer Venus, but had to be 
deleted because of its weight and the difficulty of accommodating the antenna. 

A similar cost -benefit tradeoff will be necessary for Titan. 
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Unless we leam more than currently foreseen about the nature of Titan’s 
surface, it will not make sense to carry instruments for detailed surface 
study. probe should do a good job on the atmosphere but also try to 
diagnose the general nature of the surface. An indication of its hardness oi 
softness would be important. Imaging is a possibility; other experiments that 
could be considered are a seismometry mode of the accelerometer, differential 
thermal analysis, and nuclear methods. It must be remembered that heavy 
elements may be rare or absent; carbon, nitrogen, and oxygen probably 
dominate. Ideas, research, and development are needed here. 

If Titan's atmosphere is mostly Ng, it is imusually favorable for support 
of a balloon. Some attention might be paid to this technique, which cculd be 
particularly useful for study of atmospheric circulation, although it is prob- 
ably premature for an initial probe mission. 

Instruments for pre-entry science include neutral and ion mass spec- 
trometers, an ion retarding potential analyzer, and a Langmuir probe. For 
Saturn, an energetic particle detector would be of interest. 

Probe Mission Profiles For Saturn, a descent time of 30-45 minutes is suit- 
able, similar to the Galileo Jupiter descent profile. It is highly desirable to reach 
the 300-350 K level, below the water cloud base. Farther penetration should be treated 
as an "extended mission", desirable for reconnaissance but not an engineering 
requirement. 

For Titan, a period of survival on the surface is desirable, even though primary' 
emphasis should be on the- atmosphere. Presumably, the total time will be ..mited by 
the duration of the relay link to the orbiter. If practical experiments ar^ identified 
that require a much longer duration, a second rela}' period could be considered for the 
next approach of the orbiter to Titan. The probe-lander would have to be put into a 
low-power data-gathering mode. A precedent exists in Viking. 

Planetarj’ quarantine for Titan should receive considerable study. The Space 
Science Board has recommended assumption of a very' small probability' of growth 
for the Jovian planets, including Saturn. Quarantine requirements can, therefore, 
be satisfied by standard clean- room techniques. But Titan has quite a different compo- 
sition from Jupiter and Saturn, and some of the relevant factors are not so unfavorable 
to the growth of terrestrial organisms. If we can be certain that the surface tempera- 
ture is not far above 200 K, this factor alone should be enough to prevent any growth. 
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Engineering Questions 


Ring Hazards Current knowledge of the hazard due to the ring particles is sum- 
marized in Smith in Chapter 7. Pioneer 11 and the Voyagers will tell us far more, and 
these data will be eagerly awaited. 

Magnetosphere Hazard s We have essentially no empirical information about 
high-energ)' particle fluxes around Saturn. Even with Jujnter as a molel, theoretical 
e3q>ectations are extremely uncertain; fliey are summarized by Siscoo, Chapter 7. 
Again, we must await receipt of data from Pioneer 11 arei tiie Vo>’agers. 
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